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Phased  Array  Theory  and  Technology 


1  INTRODUCTION  AND  (  II  \1<  V.ITKKISTICS  OF  IDKAI.IZK.D  ARR \  YS 
1.1  Introduction 

The  review  paper  by  Stark'  summarized  developments  in  the  theory  and  tech¬ 
nology  of  phased  arrays  through  1S'74,  In  addition  to  a  presentation  of  fundament  <1 
considerations  in  infinite  array  theory  and  the  phenomenon  called  array  "blindness' 
Stark's  review  included  detailed  descriptions  of  phasing  circuits  and  array  feed 
networks. 

Major  changes  m  array  technology  since  1014  might  have  been  expected.  It 
was  not  generally  expected  that  emphasis  throughout  these  intervening  years  would 
be  on  small,  special  purpose  arrays  and  not  large,  ground  based  radar  arrays.  It 
was  also  not  generally  expected  that  in  10151  array  technology  would  face  so  many 
new  challenges  as  to  require  theoretical  and  practical  developments  of  a  most 
fundamental  kind. 

Unfortunately,  this  greatly  expanded  need  for  array  technology  is  not  the  re¬ 
sult  of  past  successes,  for  arrays  have  not  been  fielded  in  great  numbers,  1'lus 

failure  was  the  theme  of  a  recent  workshop  sponsored  hv  tin  Naval  Research 
2 

Laboratories"  that  sought  to  draw  out  new  innovative  array  research  with  the  goal 
(Received  for  publication  40  ,lul\  1081) 

1.  Stark,  1  .  (l*'i  !)  Microwave  theorv  of  phased  array  ar.teimas-A  review,  11,1  K 

l’roe. ,  62(No.  12):  16G1- 1701. 

.... 

2.  White,  d.  F.  (1081)  Phased  arrav  technology  workshop.  0-10  Sept,  \.  R.  1.. 

Washington.  I).  IN,  Microwave  Journal.  24(\o.  2 > :  1 G - 2 f  1 . 
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of  developing  High  performance,  low  cost  radar  arrays,  t'he  reason  for  this  failure 
is  that  the  cost  of  phased  arrays  has  continued  to  be  far  in  excess  of  the  initial 

optimistic  prediction  of  an  ultimate  cost  per  array  element  of  tens  of  dollars. 

2  3 

Array  cost  estimates  based  upon  existing  technology snow  that  arrays  still  cost 
hundreds  of  dollars  per  element,  although  there  now  appears  to  be  some  reason  to 
hope  for  relief.  Growth  in  array  technology  has  been  slowed  primarily  because  of 
its  cost. 

The  present  needs  for  expanded  array  research,  development,  and  production 
are  due  to  increasing  demands  for  higher  performance  systems.  These  include 
the  need  for  agile  beam  tactical  radars  to  acquire  and  track  more  targets  than 
possible  with  reflector  antennas,  the  need  for  defense  against  military  counter- 
measures  using  beam,  agility,  deterministic  and  adaptive  pattern  control,  and  the 
need  for  conformal  scanning  antennas  for  high  performance  aircraft  and  missiles. 
Since  arravs  are  expensive,  it  is  a  practical  fact  that  they  are  selected  only  when 
conventional  mechanical  systems  cannot  adequately  do  the  job;  and  th  is  true  of 
each  of  the  now  applications.  There  is  such  an  abundance  of  difficult  requirements 
for  ground  based,  aircraft  and  even  satellite  radar  and  communications  that  one 
cannot  Hut  imagine  a  revolution  coming  in  the  technology  to  fill  these  needs,  (me 
of  the  goats  of  this  review  is  to  summarize  the  present  state  of  theory  and  technology, 
and  to  estimate  how'  each  must  advance  to  serve  this  revolution. 

Substantial  advances  have  taken  place  since  the  early  U'iO's  even  though  array 
cost  has  not  declined.  Major  uevelopmcnts  in  theory  include  analytical  studies  of 
a  wide  variety  of  elements,  solutions  for  large  arrays,  contributions  to  the  under¬ 
standing  of  edge  effects  and  array  "blindness",  advances  in  synthesis  and  in  adap¬ 
tive  optimization  of  patterns,  and  error  analysis.  Technological  developments 
include  great  advances  in  components,  phase  shifters  and  feed  networks,  and  in 
broadband  subarrav ing,  in  addition,  many  nev  elements  have  been  developed, 
most  notably  microstrip  and  stripline  elements  for  lightweight  and  conformal 
arrays.  Finally,  there  have  been  dramatic  strides  in  the  implementation  of  adap¬ 
tive  control  to  optimize  array  signal-to-noise  ratio  for  receive  arrays,  and  in 
active  t  ransimt  -  receive  module  development. 

Sutvlv  one  can  anticipate  even  greater  advances  throughout  tile  tl'iiO  s.  Mono¬ 
lithic  thin  and  thick  film  technology  is  being  developed  *odas  and  should  finalh  be¬ 
gin  to  bring  about  tile  cost  reductions  promised  in  automatic  processes.  These 
developments  will  include  techniques  for  array  and  phase  shifter  manufacture,  and 
also  fully  active  monolithic  modules.  Microprocessors  have  been  proposed  for 
use  at  eui  !i  phased  element  to  reduce  cabling  necessarv  lor  phase  shifter  settings. 


a.  Forster,  .  and  (la  rrett .  .hit.  fit1. 4)  \  1‘rocedure  lor  l.stunating  the  Costs 
of  li  romi  1- leased  Phased  Arras  Itadar  Systems,  \ero»p.iee  Kept. 

rcnr-WM  mhu-oji-i. - - - * - 
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Time  delay  devices  have  traditionally  been  switched  lines,  but  present  research 

points  to  coming  availability  of  variable  time  delay  control  using  magnetic  delay 
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lines.  Fully  digital  array  processing  is  now  applicable  to  sonar  systems  and  to 
some  narrow  band  communication  systems,  but  the  advance  of  gigabit  logic  may 
make  fully  digital  processing  feasible  for  adaptive  and  deterministm  control  of 
large,  wide  band  arrays.  Each  of  these  advances  brings  its  own  promise,  but  each 
must  operate  within  the  constraints  of  a  radiating  electromagnetic  system,  and  this 
is  the  reason  for  emphasizing  fundamental  electromagnetic  bounds  and  limits 
throughout  this  paper. 

In  writing  this  paper  I  have  de-emphasized  large  array  theory,  partly  because 
it  was  so  thoroughly  covered  by  Stark^  and  partly  to  highlight  the  large  variety  of 
array  types  and  functions  that  will  address  future  needs.  In  addition  there  are  a 
number  of  important  topics  that  he  only  mentioned  peripherally  that  deserve  sepa¬ 
rate,  detailed  review.  In  this  category  are  adaptive  arrays  and  active  transmit- 
reeeive  modules. 

One-  goal  of  this  survey  is  to  ill  istrate  the  vast  collection  of  array  types  and 
the  distinction  between  them,  but  the  main  goal  of  the  paper  is  to  emphasize  those 
array  parameters  that  control  important  characteristics  required  of  future  arrays, 
f  or  example,  to  address  the  future  need  for  dramatically  lowered  sidelobes  and 
deep,  wide  band  pattern  nulls,  the  paper  addresses  such  fundamental  issues  as 
constrained  null  depths,  feed  network  design  and  element  pattern  ripple  to  provide 
design  data  for  system  development.  Fundamental  limits  to  bandwidth,  maximum 
scan  angle,  minimum  number  of  control  elements  and  minimum  sidelobe  level  are 
among  the  array  parameters  discussed  and  necessary  to  the  process  of  system 
selection. 

The  remainder  of  Section  1  deals  with  characteristics  of  idealized  antenna 
arrays,  and  is  tutorial  in  nature  but  outlines  those  properties  and  bounds  that  can 
be  predicted  by  tins  simplest  theory,  The  section  covers  collimation,  pattern 
shape,  beamwidth,  directivity,  grating  lobes,  pattern  synthesis  and  null  bounds, 
bandwidth  and  subarraying. 

Section  2  introduces  tile  more  formal  array  theory,  specifically  applied  to 
finite  arrays,  and  outlines  methods  for  solution  of  general  lasses  of  array  prob¬ 
lems.  This  station  also  diseusses  active  element  patterns  f.r  finite  and  infinite 
arrays  and  concludes  with  a  discussion  of  the  problems  associated  with  scanning 
an  array  from  zenith  to  end  fire. 


4.  Set  ha  res,  J.t'.,  Owens,  and  Smith,  C‘.V.  (19H0)1WS\\  nondispersive, 

electronically  tunable  time  delay  elements  Electronics  Letters, 

16(\o.  221:825-826. 

5,  Barton,  1*.  ( 1  d!10)  Digital  beamforming  for  radar,  11  E  l*roc.  , 

127.  Pt.  I  (No.  4) : 266-277. 
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Section  3  discusses  the  practical  aspects  of  array  development,  array  enors, 
phase  shifter  quantization,  selections  of  array  elements  including  new  micros! rip 
and  stripline  elements,  and  the  choice  of  components  for  arrays  including  feed 
networks,  polarizers,  and  phase  shifters. 

Section  4  surveys  current  technology  with  emphasis  on  low  sidelobes,  con¬ 
formal  and  low  profile  antennas,  antennas  for  limited  sector  coverage,  and  wide¬ 
band  array  feeds.  To  aid  designers,  there  is  an  attempt  to  give  the  performance 
limits  of  each  system. 

Many  of  the  topics  are  necessarily  treated  in  only  a  cursory  manner,  so  it  is 
fortunate  that  there  is  a  vast  literature  of  texts,  ®  ^ '  journals,  and  topical  symposia 

that  deal  w’ith  aspects  of  array  antennas.  Several  recent  issues  of  journals  deal 
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with  antenna  arravs  and  microstrip,  “  conformal,  and  adaptive  ’  L  arrays. 

24 

In  addition  a  recent  Proceedings  Tutorial  Review  paper  by  Gabriel  addresses 
the  theory  of  adaptive  arrays. 


1.2  The  Idealized  Array 

Many  of  the  properties  of  practical  array  antennas  are  apparent  from  a  de¬ 
tailed  consideration  of  idealized  arrays.  For  such  a  general  array  of  radiators  as 
shown  in  Figure  1,  the  electric  field  is  given  by  the  sum  of  radiated  fields  of  each 
of  the  elements.  Each  element  at  position  (x.,>\,  zj  is  excited  by  a  complex  weight¬ 
ing  a^  and  radiates  with  a  vector  element  pattern  T(0,p)  so  that  the  total  radiated 
field  is  given  by: 

- jk  I  r-r. 

E(r)  =  K  (0  ,  o)  a.  - - -  (1) 

i  1  1  7-7. 

i 

whe  re 

-  -  ^  "  ~2  "  ~2 

r-r,  =  %  (x  -  x. )  +  ( v  -  y . )  +  ( z  -  z . )  . 

i  ’  i  l  i 

In  the  far  field  this  term  ean  be  approximated  by 


where 


(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  115.) 
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12 


r  \  X.  •  v  V  ;  z  Z 
i  i  i  i 

K  is  a  complex  constant 
k  2  77  /  X 

and 

u  sin  ()  cos  0 

v  =  sin  ()  sin  0 

are  the  direction  cosines. 


The  vector  element  patterns  f  arc  in  general,  different,  even  in  an  array  of  like 
elements.  The  difference  is  seldom  planned,  but  usually  results  irom  the  inter¬ 
action  between  individual  elements  anu  the  array  edge.  For  purposes  of  this 
discussion  we  will  assume  that  thev  are  alike  in  an  idealized  array. 

1.2.1  C'OI.l  .1  At  ATION 


The  usual  purpose  of  an  array  is  to  form  a  beam  at  some  specific  angle  in 
space  (6q,0q).  This  can  be  done  at  atl  frequencies  by  choosing  the  excitation 


a. 
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-,|k  '  Pr 


ai 


p 


-Jk  f. 


(4) 


with  pQ  given  bv  Eq.  (2)  using  and  on  in  the  direction  cosine  expressions.  At 


0 


'0 


such  a  point,  the  fully  collimated  beam  field  strength  is  a  simple  vector  summation 
of  the  element  patterns  weighted  bv  the  amplitudes  !  a.  | . 


M  k  R 
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V?) 


L  fi(VV 

1 


V 


(5) 


and  if  the  element  patterns  T  are  equal  and  isotropic  (If.  1)  this  is  the  largest 
possible  value  of  the  field  K(r)  for  any  given  RQ  in  the  far  field.  Selection  of  the 
excitations  of  Eq.  (4)  is  understood  intuitively  by  considering  that  the  projected 
distance  to  the  observer  at  (R,.,  (■>  ,  Q_)  is  different  for  each  array  element  by  the 
length  C.  in  Figure  1.  Removal  of  this  path  length  difference  will  cause  the  con¬ 
tributions  from  each  element  to  add  in-phase  in  the  far  field.  The  envelope  of 

coefficients  a.  !  is  the  array  illumination,  and  is  the  primary  determinant  of  the 
i 

radiated  suielobe  levels,  just  as  it  is  for  aperture  antennas. 

Applying  signals  of  the  form  of  Fq.  (4)  is  called  time  delay  steering  because 
the  phase  of  the  excitation  signals  exactly  compensates  for  the  time  tlelav  of  a 
signal  travelling  the  projected  distances  f..  Time  delav  steering  results  in  a  fully 
collimated  beam  at  all  frequencies,  but  is  extremely  expensive  and  bulky,  for  it 
depends  upon  switching  relatively  long  delav  lines.  For  this  reason  true  time  delav 
is  not  often  used  at  the  array  element  level,  but  more  commonly  incorporated  into 
the  feed  circuits  of  arrays  divided  into  subarravs.  Examples  of  subarray  excita¬ 
tion  arc  described  in  later  sections. 

Alternatively,  at  some  fixed  frequency  1^,  with  wavelength  and  wave  number 
k^  -  2tt/Aq,  purely  phase  weighting  can  be  substituted  for  the  time  delay  steering. 
In  such  case  the  weighting  factors  a.  are; 
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a. 

i 


I  a.  I  e 


■J  ko  ri  •  po 


k0  =  2 nlx0 


and 


-j  k  R 


Eo(r)  "KHr 


”  >'  |a  |,„  *J'V  <kp  '  W 

C-,  |  a.  |  f.(£J,  <p)  e 


(6) 


which  represents  exact  collimation  only  at  fixed  frequencies  A  =  A^,  and  is  called 
phase  steering.  Most  arrays  are  phase  steered,  but  when  wide  operating  band- 
widths  are  required  it  may  be  necessary  to  investigate  options  for  time  delay  at 
the  subarray  level. 

Several  examples  of  array  collimation  are  given  below  for  the  arrays  of  -Fig  ¬ 
ure  2.  Note  m  and  n  are  half  integers,  ±  1/2, . to  ±  -  or  ±  ^ ^ *  1 

Periodic  column  array  in  one  plane; 


=  s.X  =  x  m  d  ;  u„  =  cos  9  _ 
m  m  x  0  0 


Steering  Excitation: 


“m  C 


'Jk0  nl  dx  U0 


Radiation  Pattern: 


K  ~-'k  K0  V  f  I  I 

L(r)  =  l^e  ^fm(0'p>  KJ 


tm  d  (ku  -  k  ii  ) 
x  0  0 


(7! 


Periodic  Two  Dimensional  Arrav: 


r  =  x  m  d  +  v  nd  ; 
mn  x  v 

Steering  Excitation 

-jk0(mdxu0+  nd  Vq) 

amn  !  mn  c 
Radiation  Pattern 


-j  k  Rr 


E(r) 


2?  f  ( 9  ,  y )  a 

mil  mn 

m,  n 


j|  nuMku  -  u  )  +  nd  (k  v  -  kpVj. )] 


(8) 
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A.  ONE  DIMENSIONAL  ARRAY 


U  O  O  O 


B  TWO  DIMENSIONAL  RECTANGULAR  GRID  ARRAY 


Figure  2.  Linear. 
Planar  and  Circular 

Arrays 


C.  SECTOR  OF  CIRCULAR  ARRAY 


Circular  Array  Section: 

The  circular  array  section  of  Figure  2  is  another  characteristic  array  shape 
that  requires  a  simple  regular  excitation  vector  to  lorm  a  beam  in  the  principal 
plane  (8  ,  p) 

_  A  A  A  *  A 

r  -  x  a  cos  6  +  v  a  sin  9  ;  l,  -  x  cos  0  -*  x  sin  6 
m  m  -  ni  f 
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Steering  Excitation 

'■  '  -jk0COS  (0O'6m> 


a  =  a  j  e 
m  m 


;  6  =  m  A  6 

m 


Radiation  pattern 


E(7)  =  -=£.  e  ]kR°  2  T  16)  |a  I  e 
R0  m  m  m 


j  a  [k  cos  (6  -  0  cos  (6n  -0m)J 


0  m 


(9) 


In  each  of  the  above  cases  the  phase  steered  beam  collimation  is  changed  to 

2  77 

time  delayed  collimation  by  substituting  k  =  -r~  for  the  phase  steered  term 

k  =4“ ; 

o  A0 

1.  2.  2  C !  1 A  RAC  T  E  HIST  ICS  OK  FINITE  PLANAR  ARRAYS: 

PATTERN  SHAPE,  BEAMWIDTll,  GRATING  LOBES 
AND  LATTICE  SELECTION 


The  quality  of  the  beam  formed  by  an  array  is  measured  by  a  number  of 
factors.  Chief  among  these  are  the  directivity,  beamwidth  and  sidclobe  level  of 
the  array  pattern,  and  the  bandwidth  over  which  satisfactory  radiation  character¬ 
istics  can  be  obtained. 

The  directivity  is  the  ratio  of  power  density  at  the  peak  of  the  main  beam 
(r  =  rQ)  to  the  average  power  density,  or  in  terms  of  Eq.  (1) 


D  = 


F(r0)K  (r0) 


(10) 


1  />  “  " 

-i—  j  I  F (F)  F  (r)  sin  0  dd  do 
1,77  0  ‘  ) 


The  integral  over  0  is  often  carried  only  to  jr/2  for  most  planar  arrays  with  a 

ground  screen,  as  it  is  assumed  that  radiation  is  negligible  for  ()  >  rr /  2 . 

Kq.  (1)  (  an  be  reduced  to  much  simpler  forms  for  linear  and  planar  arravs. 

25 

In  Chapter  1  of  \ol.  2,  Elliott  gives  convenient  formulas  for  the  directivity  of 
linear  dipole  arravs,  and  derives  an  especially  simple  form  for  arrays  of  isotropie 
elements  with  half  wave  sparing  and  currents  y  as  in  Kq.  (7). 


25.  Elliott.  R.S.  { 1 ! < 6 6 )  The  theory  of  antenna  arravs.  Cli.  1. 
wave  scanning  Antennas.  K.C.  Hansen,  Ed..  Academic 


\  ol.  11  in  Micro  - 
Press,  New  York. 
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This  expression  shows  the  directivity  of  a  linear  array  to  be  independent  of  scan 
angle.  As  pointed  out  by  Elliott,  this  behavior  is  peculiar  to  the  linear  array  and 
results  from  the  broad  pattern  perpendicular  to  the  array  axis.  As  the  array  is 
scanned  toward  end  fire  the  area  of  this  conical  shape  is  reduced  and  the  effect 
offsets  the  beam  broadening  in  the  plane  of  scan  that  tends  to  reduce  gain. 

Elliott  gives  a  number  of  other  very  convenient  formulas  relating  beamwidth 
and  directivity  for  linear  arrays  with  uniform  and  tapered  illuminations,  and  for 
relating  the  directivity  of  planar  arrays  to  linear  arrays.  In  addition  he  obtains 
a  formula  relating  beamwidth  and  directivity  tor  a  planar  array 

D  =  32,  400  /  B  (12) 

where 

B  =  0  x3  0v3  sec  0Q 

and  0  and  Q  v^  are  the  3  dB  beamwidths  of  the  pencil  or  elliptical  beam  at  broad¬ 
side.  In  this  formula  the  beamwidths  are  in  degrees. 

This  simple  formula  reveals  the  well  known  cosine  scan  dependence  exhibited 
by  planar  arrays.  The  formula  is  exact  for  uniform  illumination,  and  a  good 
approximation  for  other  array  illuminations  for  all  0.  except  very  near  endfire, 
where  more  detailed  analysis  is  required.  Scanning  near  endfire  will  be  discussed 
i n  Section  2.4. 

The  selection  of  array  illuminations  is  described  in  many  standard  texts,  but 
certain  special  cases  are  mentioned  briefly  in  Section  1.  2.  5.  The  array  illumina¬ 
tion  determines  the  beamwidth,  sidelobes  and  directivity.  Equation  (12)  shows 
directivity  as  inversely  proportional  to  the  product  of  principal  plane  beamwidths. 
Uniform  illumination  (  ia.  [  1)  produces  the  highest  directivity  and  narrowest  beam 

of  any  illumination  (except  for  certain  special  "superdirective"  illuminations 
associated  with  rapid  phase  fluctuations  and  closely  spaced  elements).  The  half 
power  beamwidth  of  this  radiation  pattern  lor  a  linear  array  or  in  the  principal 
planes  of  a  rectangular  array  at  broadside  is: 

VKbi  <1:,» 

for  0.886.  Uniform  illumination  also  produces  relatively  high  sidolobe  patterns 

(about  -13  dB).  Selection  of  various  tapered  illuminations  can  result  in  much  lower 
sidelobes,  but  is  accompanied  by  wider  beamwidths  and  lower  directivity.  As  the 
array  is  scanned  from  broadside  the  beamwidth  widens,  again  as  sec  0  ,  except 
near  endfire. 
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A  number  of  important  eharaeleristies  of  planar  array  patterns  ran  be  illus¬ 
trated  by  considering  an  array  with  even  numbers  of  rows  and  columns  as  shown 
in  Figure  3 ,  and  with  each  row  displaced  by  some  unspecified  distance  An,  so  that 
the  element  center  locations  are  given  by  the  coordinates 

x  =  m  d  f  An;  v  =  nd 
x  y 


for 


N  -1 
x 

2 

N  -1 


y 


T 


It  will  be  assumed  that  all  element  patterns  are  the  sam~  and  have  only  one  polari 
zation. 


ARRAY  COORDINATES 

(ELEMENT  CENTER  LOCATIONS  X  md  +•  Y  nd  ) 

x  n  •  y 

Figure  It,  Periodic  Two-Dimensional  Array 


The  far  zone  electric  field,  normalized  to  unitv,  is  given  bv 

I  k  (u  m  d  +  An  u  -*  v  n  d  ) 
x  v 


T.  (?)  L  h  a 


(M) 


the  excitation  signals  required  to  form  a  beam  at  (0^,  Aq)  at  some  fixed 
frequency  are; 

-j  kO<U0  m  V  l'0An+  V0  lldv)  ne 

mn  mn 

If  the  a  amplitude  illumination  is  a  separable  distribution  in  x  and  v 
mn  v  v 

so  that  a  =  la"  i  la'  ,  and  the  element  pattern  is  also  separable,  so  that 
mn  m  n 

ne,  o)  =  T.(u)  fv(v>  (u 


then  the  pattern  can  be  written  in  the  lollowing  form: 


I'  (u) 

1?  (r)  -V- 

n  N 

\* 


iT  ,  -  k  a)m  d 

\  L,  a  ,  e  l 

[  m  111  * 


1'  (v)  (  _  . 

a  >c 

Nv  I  n  11 


x-  v  j[(k  v  -  k0  vQ)  ndv  f  An(ku  k^)]) 
n  13,11  1  ) 


K  (u)  11  (u,  v)  . 
x  v 


The  pattern  is  not  separable  in  general,  but  may  be  so  for  ccd  in  choices  of  An. 
This  form  of  llq.  (17)  will  be  useful  in  a  later  section  for  describing  methods  of 
lattice  selection,  but  for  the  present  it  is  convenient  to  set  An  o  for  tl  n. 

This  is  tilt'  familiar  rectangular  grid  configuration,  and  in  this  case  the  field  is 
fully  separable. 

If  A  An.  the  factors  K  and  li  havi  their  peak  at  u  u()  and  v  \y  indicating 
that  the  row-column  colliniation  produces  a  peak  at  the  desired  main  beam  position. 
These  expressions  can  have  principal  maxima  corresponding  to  other  values  of 
u  and  v  however,  and  form  high  gain  beams  at  direction  cosines  given  by: 


A  A 

U  =  -r—  U.  -1  p-r—  ;  V 

p  An  0  IT  (j 


^  '0  4  ^ 


\  lines  of  u  and  v  corresponding  to  the  discrete  u  ,  v  parameters  ire  e  died 
grating  lobes,  and  ire  mgular  locations  where  the  main  beam  is  repeated.  Not  all 
values  of  t 1  and  p  correspond  to  illowed  ingles  of  i  idiation  however,  for  t he  din 
tion  of  radiation  0  measured  from  the  array  normal  is  given  hy 


cos  e  V  1  -  u“  -  v“ 

pq  '  P  q 
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and  so  real  angles  of  radiation  0 

pq 

are  constrained  by  the  condition 


require  that  the  allowed  values  of  u 

P 


and  v 

q 


9  9 

u“  +  V  <  1  . 

p  q 


(20) 


These  points  are  shown  in  (u,  v)  space  as  a  regularly  spaced  grating  lobe 
lattice  about  the  main  beam  location  (u^,  v  )  in  Figure  4A.  The  circle  with  unity 
radius  represents  the  bounds  of  the  above  inequality;  all  grating  lobes  within  the 
circle  represent  those  radiating  into  real  space,  and  those  outside  do  not  radiate. 
The  primary  means  of  grating  the  avoidance  is  to  select  closely  spaced  elements 
so  that  no  grating  lobes  radiate. 


A  GhATING  lob?  lattice  for  rectangular  grid  b.  grating  lobe  lattice  for  triangular  grid 


Figure  4.  Grating  Lobe  Lattices 

liquation  117)  illustrates  that  in  the  ideal  array  the  radiation  pattern  is  the 
product  of  an  element  pattern  tit*,  u)  and  an  array  fuetor  that  depends  only  upon 
the  element  position  vectors  and  weighting.  Figure  5  demount  rates  this  property 
for  an  array  scanned  in  the  principal  plane  v  o.  In  this  case  the  array  element 
pattern,  shown  in  Figure  a  A.  has  zeros  at  sin  0  t  jp  .  Figure  i It  shows  tin  arra\ 
factor  with  a  scries  of  grating  lobes  in  real  spaci .  x  figure  lie  shows  the  com¬ 
bined  pattern.  The  array  is  scanned  off  broadside,  and  because  of  the  large  inter- 
clement  spacing  d^  there  are  numerous  grating  lobes  satisfying  the  inerpialttv  of 
Eq.  (20).  Careful  element  pattern  selection  can  help  to  suppress  g ratine  lobes. 

For  the  particular  case  chosen  all  grating  Kibes  would  be  suppressed  for 
broadside,  because  then  all  grating  lobe  p<  iks  would  lie  located  it  p  j-  ,  ind  would 


exactly  correspond  ,o  the  element  pattern  nulla.  Grating  lobe  suppre.s, on  through 
element  pattern  modification  la  a  subject  that  will  be  treated  in  more  detail  in 

Section  4. 


Figure  5.  Element  Pattern,  Array 
Factor  and  Product 


('■rating  lobe  control  can  also  be  effected  by  the  judicious  selection  of  array 
lattices.  The  grating  lobe  positions  indicated  in  t-igure  4.\  no  b-i-  ilo>  11  Ml! 
from  the  selection  of  a  rectangular  grid  of  position  vectors  for  the  elements.  u.t 
selection  is  not  always  optimum,  and  often  there  are  advantages  to  ehc-sing  uUe.nu 
five  grid  shapes.  Assume  that  the  array  is  uniformly  illunun  ted  and  that  An  U. 
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or  conversely  implies  a  maximum  interelement  spacing  for  a  given  scan  volume. 
For  example,  one  can  show  that  for  a  large  array  the  spacings  must  satisfy-. 


_J _ 

u0+  1 
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v0+  1 


(22) 


This  criterion  .  eads  to  the  familiar  condition  that  arrays  scanning  to  endfire 
(|uq|  or  |vQ)  •*  1)  require  spacings  less  than  one  half  wavelength. 

The  most  common  alternate  choice  of  grating  is  called  the  triangular  grid 
lattice,  and  consists  of  displacing  every  other  row  by  A=  This  configuration 

introduces  a  different  periodicity  into  the  "v"  plane,  and  the  resulting  function 

E  (u,  v)  reduces  to  different  expressions  at  the  grating  lobe  positions  d  =  ±  1, 

y 

±  3,  and  ±  5  vs  the  grating  lobe  positions  p  =  ±  2,  ±  4. 

One  obtains  from  Eq.  (17)  at  the  grating  lobe  positions  p  =  ±  3.  ±  3,  ±  5,  and 
so  on,  the  results: 


E  (u  ,  v)  = 

y  ;> 


f  (v)  sin  (N  ~(v  -  v  )  -a  / \] 
v _  _ __v _ o  y 

"N  cos  |«(v  -  v  )  d  Hs] 
y  1  o  v  1 


(23) 


This  pattern  has  a  zero  a  v  =  v  .  and  an  asymmetrical  distribution  in  (v  -  v  )  with 

O'  o 

principal  maxima  of  unity  at  |(v  -  vq)  d^/A]  =  0.5.  The  grating  lobes  therefore  are 

at  v  =  v  +  (q  4  1/2)  A/d  ns  shown  in  Fie  ire  4H. 

o  y 

At  the  grating  lobes  p  0,  ±  2,  ±  4 . the  summation  becomes 


E  (u  .  v) 

y  p 


f  ( v )  sin  (X  "(v  -  v  )  d  /A) 
_y  v _ o  y 

X  sin  ?  ~  t v  -  \  )  d  /A] 

y  o  y 


(24) 


which  again  is  the  same  distribution  as  lor  uniform  illumination  and  An  =  0,  and 
offers  no  grating  lobe  suppression. 

The  distribution  chosen  in  the  foregoing  thus  suppresses  the  odd  grating  lobes 
in  one  sector  of  space  by  splitting  them  each  into  two  lobes  and  moving  each  out  to 
a  relatively  wide  angle,  where  they  are  reduced  b\  the  element  pattern  e  (v);  the 
distribution  does  not  alter  the  even  grating  lobes  at  all.  This  capability  of  selective¬ 
ly  mod. lying  a  chosen  grating  lobe  represents  an  additional  degree  of  freedom  that 
is  useful  in  design,  and  in  the  triangular  grid  array  it  allows  substantially  wider 

inte relerm-nt  spacings  and  the  use  of  fewer  elements,  l  or  example,  for  a  square 

*> 

grid  arras  tile  maximum  ..Unstable  area  per  element  is  0.  2li7A“,  but  for  an 

•> 

equiluterial  triangular  array  the  maximum  area  is  0.  332 A“. 

It  is  possible  to  use  more  general,  or  even  random  row  displacements  An  to 
suppress  grating  lobes  in  all  but  the  plane  of  the  main  beam  (v  =  v  ).  One  can 


demonstrate  however  that  such  displacements  alter  peak  grating  lobe  levels,  but 
the  average  grating  lobe  power  is  independent  ol'  the  An,  and  has  an  amplitude  1/N\ 
below  the  main  beam  (for  unity  element  pattern).  If  the  array  had  enough  rows  so 
that  the  grating  lobe  levels  could  be  reduced  everywhere  to  this  average  level 
(except  v  =  v  )  then  the  maximum  aval’  ble  grating  lobe  suppression  would  be  1/Ny, 
or  ibout  0  dll  for  an  eight  row  array,  12  dll  for  a  12  row  array,  and  so  on. 

Radiation  pattern  distortion  with  scan  angle  is  a  well  known  phenom  'non,  md 
is  discussed  by  a  number  of  authors  including  referenced  works  by  Von  Aulock”1 
and  others.  In  addition  to  lost  gain,  reduced  resolution,  and  grating  lobes,  these 
authors  describe  beam  coning  effects  that  lead  to  substantial  errors  in  array  point¬ 
ing  accuracy. 

Apart  from  these  pattern  shape  characteristics  of  scanned  arrays,  there  is 

also  a  severe  bandwidth  constraint  imposed  by  scanning  with  phase  shifters  because 

the  peak  gain  angle  of  a  phase  steered  beam  varies  with  frequency  and  does  not 

occur  at  the  established  6  o  position  except  at  A  A  .  For  example,  at  center 

o  o  r  o  r 

frequency  the  interelement  phase  shift  is  given  by 

0  =  k  d  sin  9  (25) 

o  o  o 

but  the  interelement  phase  required  for  this  scan  angle  at  some  other  frequency  is 


0  k  d  sin  0 

o 


(26) 


The  net  effect,  beam  pointing  error  referred  to  as  beam  squint,  is  th  it  the 
beam  scans  awav  from  the  desired  9  .  This  is  the  most  significant  bandwidth 
limiting  effect  in  ; rray  antennas. 

Assuming  an  approxiir  ite  half  power  beannvidth  (K^A  see  9  )  L  (note  0.  t!86 

for  uniform  illumination)  one  can  solve  for  the  array  bandwidth  under  the  assump¬ 
tion  that  the  gain  at  each  frequency  limit  is  reduced  to  half  power  (that  the  squint 
is  equal  to  a  half  beumwidth  at  eacli  limit).  The  resulting  fractional  bandwidth  is 
given  by; 
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26.  lUailloux,  R.J.,  /aim,  1..  Martino/,  A.,  uid  Forbes,  (a.  ( 1 976)  Multiple 

Mode  Control  of  Li  rating  l.obes  in  Limited  Sean  Arravs,  UADC- TTi  "o-307, 
Al)  A  Oil'  'T  . 

27.  Von  Aulock,  W .  11.  ( 1960)  Properties  of  phased  irravs,  1  HI  Frans.  , 

Al1-  0;  17  15-  I  27. 
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The  u  and  v  are  the  grating  lobe  locations  as  indicated  in  Lq.  (18)  and  Fig- 
P  ll  93 

ure  4A.  and  so  this  series  is  often  referred  to  as  the  Grating  Lobe  Series.  ”  The 

expression  illustrates  some  of  the  convenient  properties  of  this  most  useful  trans¬ 
formation,  for  the  complicated  square  root  function  is  replaced  by  much  simpler 
exponential  terms  representing  all  the  plane  waves  corresponding  to  points  on  the 
grating  lobe  lattice,  some  propagating  and  some  evanescent.  The  propagating 

28.  Wheeler,  H.  A.  (1966)  The  grating -lobe  series  for  the  impedance  variation  in 
a  planar  phased  array  antenna,  1LLL  Trans.  ,  AP-  14:707-7  14. 
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grating  lobes,  that  is,  those  within  the  unit  cirele,  are  the  only  ones  that  represent 
true  radiation  and  are  used  to  compute  far  field  radiated  power.  For  a  linear 
infinite  array  one  obtains: 
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where 


The  above  expression  also  is  an  infinite  set  of  waves  and  the  eoeffieient  for 
eaeh  wave  is  the  llankel  function. 

i 

1.  2.  4  SUBARRAYS  FOR  WIDEBAND  OPERATION 

The  bandwidth  limitations  implied  by  Kq.  (27)  are  often  reasonable  for  small 
arrays,  but  are  usually  too  restrictive  for  large  arrays.  For  this  reason  it  is 
common  praetiee  to  combine  phase  and  time  delay  steering  by  organizing  the  array 
into  a  relatively  small  number  of  subarrays  and  to  use  time  delay  deviees  at  the 
subarray  input  ports  and  phase  steering  at  all  the  array  elements.  The  resulting 
array  bandwidth  is  a  eom promise  between  the  cost  of  providing  time  delay  devices 
for  a  larger  number  of  subarrays  and  the  pattern  deterioration  and  bandwidth 
limitations  of  dividing  the  array  into  too  few  subarrays. 

The  array  of  contiguous  subarrays  (Figure  6)  is  conceptually  simpler  than 
other  subarray  approaches,  and  uses  separate  distribution  networks  to  feed  ad¬ 
jacent  sections  of  the  array.  Phase  shifters  eontrol  the  subarray  pattern  to  pro¬ 
duce  a  beam  tilt  and  the  time  delay  devices  produce  true  time  delay  between  the 
subarray  centers. 

To  eonsider  a  speeific  example,  assume  a  one-dimensional  array  of  elements 
spaeed  d^  apart,  with  element  pattern  f(u,  v).  The  elements  are  grouped  into  sub¬ 
arrays  of  M  elements.  The  entire  array  has  ^  equally  spaeed  subarrays.  Eaeh 
of  the  subarrays  has  a  subarray  pattern  that  is  the  same  as  the  braeketed  term  in 
Eq.  (21),  and  when  these  subarrays  are  arrayed  with  time  delay  appropriate  for 
beam  collimation  the  complete  field  pattern  is  given  by  the  expression 


A  ARRAY  OF  CONTIGUOUS  SUBARRAYS 


B.  SUBARRAY  PATTERNS  AT  CENTER  FREQUENCY  (SOLID) 


AND  OFF  CENTER  (DASHED) 


C  GRATING  LOBE  SPECTRUM  OF  CONTIGUOUS  SUBARRAYS 
<N  CENTER  FREQUENCY 

I  I 


D  GRATING  LOBES  OF  CONTIGUOUS  SUBARRAYS 
OFF  CENTER  FREQUENCY 


Figure  6.  Bandwidth  Properties  of  Contiguous 
Subarrays  With  Time  Delay 


This  expression  shows  the  total  field  as  the  product  of  element  pattern,  phase 
steered  suoarray  pattern,  and  time  delayed  array  factor.  If  the  array  were  pure¬ 
ly  phase  controlled,  with  M  X  5S  elements  each  spaced  d^  apart,  its  bandwidth 
given  by  Eqs.  {27)  and  (13)  would  be: 
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In  its  present  subarrayed  form  however,  the  time  delayed  array  factor  exactly 
collimates  the  subarray  contributions  at  all  frequencies,  and  the  system  gain  band¬ 
width  is  essentially  the  same  as  the  subarray  bandwidth 
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For  example,  an  array  of  10  subarrays  of  10  elements  each  has  approximately 
10  times  the  bandwidth  of  the  phase  steered  array  of  100  elements. 

The  above  description  emphasizes  gain  bandwidth,  but  in  fact  Kq.  (32)  shows 
that  subarraying  can  introduce  severe  pattern  degradation  in  the  form  of  grating 
lobes  t hat  arise  as  frequency  is  char  red.  Figure  615  illustrates  that  the  subarray 
phase  centers  are  appropriately  delayed  to  form  a  beam  at  ()  ,  but  each  subarray 
has  a  phase  squint  that  causes  the  peak  of  the  subarray  pattern  to  move  off  the 
position  (i().  The  result  is  the  same  as  arraying  very  large  elements.  As  shown 
schematically  in  Figure  60,  widely  spaced  subarrays  have  many  grating  lobes  in 
real  space.  These  are  all  suppressed  by  the  subarray  pattern  zeros  at  A  A  ,  but 
for  other  wavelengths  the  array  grating  lobes  do  not  fall  at  the  subarray  pattern 
zero  locations  and  in  general  constitute  severe  pattern  deterioration. 

One  procedure  for  reducing  these  grating  lob°  peaks  with  contiguous  subarravs 
is  to  make  the  subarravs  of  unequal  sizes.  This  practice  tends  to  reduce  peak 
grating  lobes  itv  redistributing  most  of  the  energy  into  distributed  sidelobe  regions 
with  lower  peak  levels  but  nearly  the  same  average  level. 

Other  techniques  for  producing  wide  hand  subarravs  and  methods  of  grating 
lobe  control  will  be  discussed  in  later  sections. 

1.2.5.  WTKNXA  l’ATITiHN  FONT  HOI. 

There  is  no  universally  best”  antenna  pattern.  Instead  it  has  been  common 
practice  to  choose  a  pattern  from  one  of  a  wide  list  of  those  already  in  the  litera¬ 
ture  and  to  synthesize  that  pattern  using  directional  coupler  circuits  in  a  constrained 
corporate  feed  circuit  or  to  approximately  synthesize  it  with  a  spat  e  fed  array. 


The  uniformly  illuminated  equiphase  array  has  the  highest  gain  except  in  the  re¬ 
gion  of  very  close  element  spacing  where  a  phenomenon  called  "super  gain"  can 
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oeeur.  The  Dolph-Chebyshev  ’  weighting  produces  the  narrowest  beam  for  a 
given  sidelobe  level  and  is  useful  as  a  standard  for  comparison.  Other  illumina¬ 
tion  functions,  such  as  the  cosine  squared  on  a  pedestal  and  the  Taylor30,  * 
illuminations  offer  advantages  of  simplicity  in  the  selection  of  a  power  division 
network  or  appropriateness  for  large  arrays.  In  addition  to  these  analytic 

approaches  to  synthesis  there  have  been  a  number  of  papers  on  synthesis  by  numer- 

32 

ical  methods.  Examples  of  these  procedures  are  the  work  of  Strait  and  Hirasawa 

33 

and  more  recently  of  Elliott.  Array  synthesis  is  described  in  a  number  of  ex- 

6  12  13 

cellent  references,  among  which  are  several  texts.  *  Figure  7  compares 

the  radiation  pattern  of  two  well  known  distribution  functions  and  illustrates  the 

tradeoff  between  beamwidth  and  sidelobe  level.  One  of  the  important  current 

topics  in  antenna  theory  is  the  use  of  array  nulls  to  suppress  interfering  signals, 

notably  jammers  for  the  military  application.  Early  work  in  this  area  dealt  with 

pattern  synthesis  in  idealized  arrays  but  more  recent  efforts  have  included  mutual 

34 

coupling  and  realistic  element  patterns.  The  studies  of  Drane  and  Mcllvenna 

considered  synthesis  of  optimal  gain  patterns  with  constrained  nulls  with  and  without 

mutual  coupling,  and  was  based  on  expressing  directivity  as  the  ratio  of  quadratic 

forms,  and  solving  this  constrained  maximization  problem.  The  procedure  for 

35-37 

maximization  has  been  used  by  a  number  of  other  authors  and  is  very  lucidly 

3  8 

described  in  the  text"0  by  Harrington. 

Instead  of  using  antenna  synthesis  to  generate  the  complex  weight  for  null 

forming  there  is  a  growing  theory  and  technology  of  adaptive  arrays  that  form 

these  weights  using  analog  circuits  or  digital  processing.  Most  algorithms  for 

3° 

array  control  arc  based  on  a  number  of  pioneering  studies  by  Applebaum, 

40  41 

Howells,  Widrow,  and  others,  and  arc  also  implementations  of  the  maximiza¬ 
tion  of  quadratic  forms,  but  using  the  received  signals  at  each  port  as  parameters. 
Other  procedures  sense  onlv  a  single  array  output  signal  and  apply  closed  loop 
optimization  procedures  to  suppress  noise  output  or  to  optimize  signal  to  noise. 

Whether  the  weights  are  set  adaptively  or  deterministically,  there  are  funda¬ 
mental  limitations  set  by  the  array  geometry.  An  N -element  array  c  an  form  only 
N-l  nulls,  and  this  is  often  referred  to  as  the  number  of  available  degree  >  of 
freedom.  In  addition  there  are  limitations  to  bandwidth  and  null  depths,  and  re¬ 
search  on  these  topics  is  of  substantial  current  interest. 


(Due  to  the  large'  number  of  references  cited  above,  they  will  not  be  listed  here, 
bee  Heferences,  page  115.) 
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Figure  7.  Radiation  Patterns  of  Uniform  (solid)  and 
Cosine-Squared-on-a-Pedestal  (dashed)  Illuminations 


The  following  analysis  will  highlight  some  of  these  features.  Consider 
phase  scanned  antenna  radiation  pattern  given  by: 
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Assume  that  the  pattern  has  a  notch  in  it  ami  looks  like  the  pattern  of  I'igut 

At  A  =  A  the  notch  location  is  defined  bv 
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Au  u,  u, 
h  ( 


is  the  width  of  the  notch. 
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Figure  8.  Relations  Between  Bandwidth  and  Angular 
Null  Width 


The  feature  of  the  wide  notch  is  that  it  can  provide  a  degree  of  wideband  mter- 
■erenee  suppression,  for  one  can  show  that  if  one  could  locate  the  notch  around  the 
Interference  so  that  for  an  interfering  signal  at  uR,  at  the  highest  interfering  fre- 
juoncy 


u  -  u, 
max  n  h 


and  at  the  lowest  frequency 
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C 


then  one  can  show  that  the  bandwidth  over  which  good  interference 
take  place  is  given  by 


suppression  will 
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(36) 


Clearly  one  can  increase  the  useful  suppression  bandwidth  by  e 
angular  notched  pattern. 

l  or  a  time  delay  steered  array  one  obtains  Bq.  (87)  instead  of 


reating  a 
Kq.  (3G) 


wide 
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(37) 
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which  may  or  may  not  represent  wider  bandwidth  suppression,  depending  upon  how 
close  the  notched  area  is  to  the  main  beam  direction. 

These  results  lead  to  an  approach  to  understanding  wideband  array  null  steer¬ 
ing  through  formation  of  wide  notched  patterns.  Such  patterns  are  usually  formed 
by  moving  multiple  nulls  close  together  and  this  tends  to  use  up  the  N-l  degree  of 

freedom  very  rapidly.  An  example  of  wide  notch  synthesis  is  the  recent  work  of 

42  43 

Gething  et  al,  and  Tseng. 

Equations  (36)  and  (3?)  can  also  be  used  to  estimate  the  bandwidth  of  simple 
nulls  in  antenna  radiation  patterns.  For  example,  the  array  pattern  of  a  uniformly 
illuminated  aperture  in  one  plane  is-. 
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a  pattern  which  has  multiple  nulls  and  sidelobes.  One  can  use  Eq.  (36)  to  estimate 
the  bandwidth  of  one  of  these  nulls  at  a  level  relative  to  the  sidelobe  level  of  adja¬ 
cent  sidelobes.  Near  any  of  these  nulls,  the  normalized  pattern  amplitude  is 


pAo 

where  5  u  -  u  -  u  -  ..  3-  ,  and  is  the  distance  from  the  center  of  the  null  in 
o  11  d, 

u  -  uq  space. 

The  width  of  this  null  at  a  (power  ratio)  depth  S  below  the  local  sidelobe  level 
is  computed  from  the  above 

A„  .  14^-  1401 

o 


where  L  is  the  length  of  the  array. 


42.  Gething,  1\J.D.  ,  and  Uaseler,  J.  H.  ( 1974)  Linear  antenna  arrays  with 

broadened  nulls,  IKE  l’roe.  ,  121:165-168. 

. 

43.  Tseng,  K.  1.  (1979)  Design  of  ui  ray  and  line  source  antennas  for  Taylor 

patterns  with  a  null,  1EEK  T rans. ,  A 1’- 27 (No.  4):474-479. 
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Figure  °a.  Bandwidth  of  Single  Null  (uniform  illumination) 


In  this  case  the  null  is  a  simple  zero  in  the  pattern  of  a  uniformly  illuminated 

array,  not  a  forced  null  as  in  an  adaptive  pattern.  However,  It  is  shown  by  Apple- 
3  8 

baum  that  an  adaptive  system  reacts  to  the  presence  of  a  single,  monochromatic 
noise  source  by  generating  a  canceller  pattern  with  the  directivity  of  the  array, 
with  its  peak  directed  at  the  noise  source,  in  this  situation,  if  the  adaptive 
array  weights  were  fixed  and  noise  bandwidth  increased,  the  simple  null  bandwidth 
given  above  represents  a  worst  case  result.  To  obtain  desired  performance  over 


a  wider  bandwidth  without  a  tapped  delay  line  network  the  adaptive  array  uses  addi- 

44 

tional  degrees  of  freedom  to  create  a  wideband,  wide  angle  null.  Steyskal  has 
shown  that  for  a  least  mean  square  approximation  to  the  desired,  multiple  nulled 
pattern  the  array  uses  its  degrees  of  freedom  to  form  multiple  canceller  patterns 
at  each  required  pattern  null. 

One  can  estimate  the  bandwidth  of  an  array  with  broadened  nulls  as  formed  by 
multiple  canceller  patterns.  In  the  most  trivial  case,  we  assume  the  canceller 
beams  arc  so  close  together  that  the  quiescent  pattern  is  nearly  constant  (note  that 
this  condition  is  unrealistic  because  the  canceller  beamwidths  are  on  the  order  of 
the  quiescent  pattern  sidelobe  width).  However,  subject  to  this  assumption  the 
canceller  pattern  takes  the  form  below,  and  is  subtracted  from  the  constant 
quieseent  pattern; 
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with  the  constant  C,  chosen  to  produce  the  best  pattern  null. 

After  subtracting  this  pattern,  the  error,  relative  to  the  sidelobe  envelope,  is 
found  to  be: 
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and,  by  Kq.  (36),  the  bandwidth  for  a  given  sidelobe  level  is: 
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which  is  plotted  in  Figure  I'b. 

Thus,  the  use  of  two  degrees  of  freedom  can  cancel  a  quiescent  pattern  over 
a  given  area  and  so  he  commensurate  with  wideband  milling.  The  use  of  more 
cancellers  should  broaden  the  nulled  width  and  hence  im  reasc  bandwidth.  Exten¬ 
sion  of  the  above  analysis  ean  give  some  estimate  as  to  tile  nailable  milled  band¬ 
width  and  sidelobe  level  as  a  function  of  available  degrees  of  freedom  in  this 
idealized  case. 


14.  Steyskal,  11.  (  1311 1  >  Synthesis  oi  Antenna  Patterns  With  Nulls,  in  |>ublual ion. 
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include  current  and  charge  distributions  over  the  surface  of  the  radiating  antennas 
and  nearby  diffracting  bodies.  The  same  integral  expressions  can  be  used  to  re¬ 
quire  satisfaction  of  boundary  conditions  at  each  radiator  and  each  diffracting  body, 
and  so  to  evaluate  the  relevant  currents  and  charges.  This  procedure  usually  re¬ 
sults  in  a  multiplicity  of  simultaneous  integral  or  integrodifferential  equations,  and 
has  not  been  solved  exactly  except  in  the  special  case  of  infinite  waveguide  arrays 
in  an  infinite  ground  screen.  ^ 

The  free  space  electromagnetic  field  can  be  written  using  the  dyadic  Greens 
function  notation  of  Eq.  (45). 

E=  -j  u>  H  J"  r  (r,  r')  •  J(r')dv'  -  J  VG  (r,  r')  \  J  (rMdv*  (45) 

1)  =  -juit  p  J*  r  (r,  r ')  •  J  fr ')  dv '  +  (i  Jvtl  (r,  r'l  X  J  (]■')  dv' 
where 

C.(7,  7') 

and 

T  (7,  7')  =  (l  4  A,  V  V)G  (7,  7')  . 

0  k- 

Here  G(r,  r')  is  the  free  space  scalar  Greens  function  and  ^(r.  r')  is  the  free 
space  dyadic  Greens  function.  The  unit  dvad  V  is  (itx  4  vv  4  ?.?.)  in  rectangular 
coordinates.  In  this  familiar  form  the  integrals  satisfy  Maxwell's  equations  and 
are  proper  e  crept  within  a  region  occupied  by  the  source.  The  electric  and  mag¬ 
netic  currents  J  and  J  are  in  general  unknown,  and  are  evaluated  by  solving  a  set 
of  integrodifferential  equations. 

When  the  sources  are  in  the  presence  of  an  infinite  perfectly  conducting  ground 
piano  it  is  convenient  to  choose  a  combination  of  solutions  of  the  abo\c  form  to 
satisfy  the  boundary  condition  at  the  conducting  plane.  This  has  been  done  for  the 
general,  case  by  1  ..ovine  and  Schwinger.^1  but  for  most  array  problems  the  only 


45.  Farrell,  G.  F.  .  Jr.,  and  Kuhn,  1'.  11.  (1966)  Mutual  coupling  effects  of  1 1  iengu 

la  r  grid  arrays  by  modal  analysis,  1KK1.  Tt  111s.  ,  AF  -  J4 :  65  2- 654 . 
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arrays  of  rectangular  waveguide  horns,  11.1.1.  Trans.  .  A_F-  16:405-4  14. 

47.  Levine.  11.,  and  Schwinger,  J.  ( 1950-51)  On  the  theory  of  electron  gnotn 

wave  diffraction  by  an  aperture  in  an  infinite  plane  conducting  screen. 
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magnetic  current  sources  are  the  tangential  electric  fields  in  the  ground  plane  at 
z  =  0.  In  this  case  the  fields  in  the  half  space  z  >  0  are  given  by; 


E  =  -j u>M  /  r'(r>  •  J(r')  dV  -  2  /  VG(r,  r')  X  J  <r')  dS' 

V  S 


B  =  -  2  jwt  Ilf  ^  (r,  r ')  •  (r ')  dS'  +  p.  J  VG  (r,  r' 


)  X  J  (r ') 


(46) 


VG(r,  r  -  2zz  •  r  )X  (U  -  2zz)  •  ,]  (r 


')]  dS' 


where 


T'  =  T  (r,  r'i  -  r  (r,  r'  -  2  zz  1  r')  *  (U  -  2  zz) 
o  0 


and 


J  -  n  X  E 
m 

This  form  is  of  particular  importance  to  the  consideration  of  apertures  in  the 
conducting  plane,  for  then  the  magnetic  current  contributions  J  are  surface  inte¬ 
grals  over  the  tangential  electric  field  in  the  apertures,  and  the  electric  current 
contributions  are  readily  recognized  as  corresponding  to  the  electric  sources  in 
the  region  z  >  0  and  their  images  that  appear  to  originate  as  sources  in  the  half 
plane  z  <  0. 

Often  it  is  convenient  to  rewrite  these  equations  using  magnetic  and  electric 
potential  functions  (the  electric  potential  is  often  called  the  vector  potential).  In 
this  form  they  become.- 


7  j— ■  f  (z  x  E  (r ')  G  ( r,  r ')  dS  ;  A  fj.  f  ,)  (r ')  •  (  r,  r ' )  d\  ' 

111  w  m  S  J 

ni 


E  =  -jwV  x  j  -  j  4  |V(T-  A)  4  k2\] 
m  k- 


H  -  V  (V-  )  +  k“  s  4  V  X  A 

111  111 


(4, 


where 


V>  ( r,  r')  1 1  G(r,  r,)~  <i  -  2  z/.)G(r,  r 1 


2  zz  •  r'» 


2.  1.  1  DIPOLES  OVER  A  GROUND  PLANE 


The  advantage  of  using  potential  functions  is  the  convenience  in  recognizing 

scalar  expansions.  For  example,  the  fields  of  an  array  of  thin  dipole  antennas, 

shown  in  Figure  10A,  with  their  axes  along  the  y  direction  can  be  derived  in  terms 

of  a  single  term  of  the  vector  potential  A  =  yAv.  For  thin  dipoles,  it  has  become 
48  49 

accepted  practice  ’  to  write  the  current  distributions  as  if  the  entire  current 
were  concentrated  at  the  dipole  center,  reducing  the  volume  integral  to  an 
integral  in  one  dimension  (along  the  y  axis),  and  to  use  this  approximation  even 
at  the  dipole  surface.  In  the  case  of  a  collection  of  dipoles  located  a  distance  c/2 
above  a  ground  plane  and  oriented  as  above,  with  half  lcngt.-s  a/ 2  and  dipole  -adius 
t,  Eq.  (47)  gives  the  fields  in  the  upper  half  space  with 

-j  k  x  ')“  4  (y  -  y  ')“  +  (z  -  cl 2)" 

G  (7,  7')  -  —  ° _ ' _ _  ^ -  —  .  (48) 

4ir  r  ,  2  ,  v  2 

4/(X  -  X  )  4  (v  -  V  )  4  (z  -  c  2) 

^  n  n 


A  DIPOLES  OVE.l  GROUND  SCREEN 


e  WAVEGUIDE  APERTURES  IN  GROUND  SCREEN 


Figure  10,  Dipole  and  Waveguide  Array  Geonutries 


1!  there  arc  no  apeDures  ui  the  conducting  ground  plane,  it  is  assumed  that 
the  Jm  are  null,  and  the  entlr  field  is  expanded  in  this  single  component  vector 
potential.  Treatment  of  dips  le  arrays  implies  the  consideration  al  an  assumed 
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source  distribution  within  tne  halt  plane.  For  thin  dipoles  this  is  usually  formu¬ 
lated  as  a  delta  function  of  electric  field  in  the  center  of  the  dipole,  resulting  in 
an  integrable  potential  difference  across  the  infinitesimal  source  point  of  the  dipole 
center  (y  =  0  for  the  n'th  dipole  in  the  Figure  10a).  In  this  case  one  writes  the 
equation  for  E  a  0  at  the  surface  of  the  dipole,  neglecting  the  boundary  conditions 
on  other  F-fields,  and  neglecting  any  radia’  ariation  of  field  around  the  dipole 


because  of  the  "thin"  dipole  approximate 
equation  is; 


The  resulting  integrodifferential 


Ey  =  v’Vy)  =  -j  W 
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+  k  A 


yJ 
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(49) 


where 


(50) 


At  the  Tth  dipole  the  above  is  integrated  to  obtain: 

i  \- R 

A  =  V'!  cos  k  v  4  C„  sin  kv  +  |  k  —  sin  kv  0  -  v  ’  h 

\  1  -!  u,' 

(51) 

(\,  cos  ky  -  sin  ky  -h  *  v  0 


whore  the  term  with  V  is  obtained  from  the  particular  integral  over  the  source, 
assumed  to  occupy  the  infinitesimal  region  0  v  -  t  .  Evaluation  of  the  diseon- 
tinuitv  in  the  derivative  of  the  potential  function  Yields  the  relationship  (.'  (',. 

-  i 

The  above  is  reduced  to  a  matrix  equation  b\  expa  -ding  the  current  in  a  si  ries: 


1  (v  ' )  = 
m 


P 

V* 


a  i  (v') 
,  P-  <>i  P 


(ad) 


imposing  Eq.  (5d)  at  P  *  ,'!  points  on  each  dipob  dluws  the  eoeftieienfs  a  ^ 
to  be  determined  for  each  term  in  Hie  current  , '.pension. 

Other  authors  have  used  altera  Hive  means  of  sols  mg  dipt  le  equations,  liarring 
ton  (lief.  'Mi,  i'll.  4)  for  example,  us  es  vector  and  seal  ir  potential  functions  and  not 
the  integral  iqmfions  used  ibo\e.  Aairco.t  r,  the  methoii  of  solution  used  ibovc  is 
lust  one  means  of  solving  tue  given  equation.  \  not  her  is  fo  use  a  numerical  proce¬ 
dure  in  which  one  expands  I(\i  as  a  sum  of  suit. tblv  weighted  \  allies  either  constant  or 


varying  over  small  segments  "A"  of  the  element.  For  example  with  constant 

values  1  defined  over  the  dipoie  one  would  write: 
n  r 

Hy>  =  My)  yn  -  A/2  <y  <yfi  +  A/2  .  (53) 

This  approximation  leads  to  a  matrix  equation  that  can  be  solved  bv  a  variety 

49 

of  procedures.  Examples  in  the  literature  include  the  work  of  Harrington  and 
50 

many  others  for  dipole  antennas  or  other  wire  antenna  configurations. 

2.  1.  2  WAVEGUIDE  SLOT  ARRAYS 

Waveguide  and  slot  array  problems  are  also  readily  formulated  using  potential 
functions,  but  ft  1  waveguide  radiators  there  are  no  electric  current  sources  in  the 
half  space  z  S  0,  and  the  only  sources  are  the  magnetic  current  sources  as  repre¬ 
sented  by  the  tangential  aperture  fields.  In  this  case  there  is  no  single  vector 
component  that  serves  to  completely  represent  t*  ueicL  except  for  special  two- 
dimensional  cases.  In  general  however,  for  a  finite  waveguide  aperture  the  solution 
is  vector,  and  is  formulated  by  expanding  the  aperture  field  in  a  set  of  functions 
and  matching  fields  in  the  waveguides  and  free  space.  For  open  ended  waveguides 
it  is  convenient  to  choose  as  basis  functions  the  waveguide  normal  mode  fields,  and 
for  unloaded  rectangular  waveguides  one  can  choose  the  orttiogonally  polarized 
transverse  electric  fields.  The  tranverse  electric  field  for  the  waveguide  at  the 
origin  of  the  coordinate  system  of  Figure  1Gb  is: 

-jk  (0)z  _  -jk  (n)z 

E,r  =  e  (x,v>  e  z  1-  V  e  (x,y)  e  7  (54' 

1  o  n  n 

where  the  e  (x,y!  are  the  transverse  mode  functions  for  the  two  possible  polariza¬ 
tions,  the  kz<n)  are  the  modal  propagation  constants,  and  V  are  undetermined  modal 
amplitude  coefficients.  This  expression  represents  a  single  incident  mode  in  the 
waveguide,  a  d  an  infinite  series  of  reflected  modes.  T  picaily  all  but  the  ( 0 ) 
propagation  constants  are  imaginary,  indicating  that  they  are  beyond  waveguide 
cutoff,  but  they  enter  into  the  solution  to  match  boundary  conditions.  The  solution 
is  obtained  by  expansion  of  the  transverse  magnetic  waveguide  fields  in  terms  of 
these  and  writing  the  half  space  fields  (z  >  0)  as  the  aperture  field.  Construction  of 
the  free  space  Greens  .unction  assures  that  the  tangential  E  field  is  continuous,  and 
imposed  continuity  of  the  magnetic  field  components  results  in  a  vector  intogrodiffer- 
cntial  equation  using  continuity  of  tangential  magnetic  fields  at  ell  the  apertures. 


50.  Foggio,  A.J.,  and  Miller,  E.K.  (1978)  A  perspective  on  numerical  methods 
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z  X  B(  z  =  0  )  =  z  X  B(  z  =  0+ ) 

=  j  2u)  t  ?.  X  E  J  F  °  ( i  ,  r'>  -  (z  X  E  )  dS'  .  (55) 

S 

P 

The  magnetic  fields  for  z  0  can  be  jbtained  from  Eq.  (54)  using  waveguide 

modal  admittances.  Equation  (55)  can  then  be  reduced  to  a  matrix  equation  by 
37 

following  Galerkin's  procedure  and  solving  for  aperture  fields.  The  details  of 

this  procedure  will  not  be  carried  further,  but  are  described  in  a  number  of  avail - 

.  .  .  14.  18 

able  references. 

These  two  problems  illustrate  formulation  of  integral  equations  for  the  most 

fundamental- array  geometries.  Similar  analytical  approaches  are  used  for  more 

complex  geometries. 

51 

Tai  lists  dyadic  Greens  functions  for  a  number  of  other  geometries,  and  it 
is  possible  to  write  field  expressions  for  arrays  of  apertures  in  many  of  the  basic 
geometric  shapes  such  as  spheres,  infinite  cylinders,  and  cones,  and  to  obtain 
approximate  field  expressions  for  more  general  shapes  using  the  Geometrical 
Theory  of  Diffraction.  Some  of  these  approximate  techniques  will  be  discussed  in 
Section  4. 

Finite  array  formulations  become  more  difficult  numerically  as  more  elements 
are  added  to  the  array.  One  solution  to  this  dilemma  has  been  to  study  very  large 
arrays  using  infinite  array  theory.  This  type  of  formulation  is  discussed  in  the 
next  section. 


\rlhe  Element  P.it terns  ami  Mutual  (.onpliii"  in  an  Infinite  Array 


Equations  (29)  and  (30)  of  Section  1.  2.3  are  key  to  developing  the  theory  of 

infinite  arrays.  Assuming  periodic  incident  fields  or  applied  sources  such  that  for 

an  infinite  array  of  apertures  with  elements  at  (x  .  v  )  (md  ,  nd  )  (rectangular 

m  n  x  v 

grid) 
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mn 
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i  -r—  (u  nid  4  v  nd  ) 
•  A  o  x  o  v 
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(56) 


Equation  (47)  can  be  converted  by  the  Poisson  Summation  formula  to  the  form  given 
in  Eq.  (29),  and  written: 


51.  Tai,  C.T.  (1971)  Dyadic  Greens  Functions  in  Electromagnetic  Theory, 
Intext  Educational  Publishers,  Scranton,  Pennsylvania. 


4  1 


oo  oe  -j  k(u  x  +  v  v)  -J  K  z 

(F)  L  L  - - — " - 

m  old  <1  K 

x  v  p  q  "  -»  pq 


1 


/  dS'  e 


j  k(u  x  t-  v  v  ) 
J  p  c- 


[z  X  E(x  .  v  )| 


(57) 


from  which  one  can  write  E  and  B  fields.  In  this  circumstance  the  array  boundary 
value  problem  is  solved  by  assuring  that  all  boundary  conditions  are  satisfied 
throughout  a  single  spatial  period  which  is  iften  called  a  unit  cell. 

An  alternate  method  is  to  begin  with  the  recognit'on  of  periodicitv  „r,d  expand 
the  fields  from  periodic  functions  at  the  outset.  This  procedure  is  mathematically 
equivalent  to  the  use  ol  the  Poisson  Summation  formula  for  periodic  fields  in  a 
periodic  lattice.  A  coherent  exposition  of  the  use  of  this  approach  is  in  the  work  of 
Oliner  and  iVlalech. 

Infinite  array  theory  offers  direct  insight  into  the  concepts  of  active  element 
patterns  and  grating  lobes.  1  or  example,  in  a  rectangular  grid  array  with  periodic 
excitation,  the  electric  field  can  be  written  from  Eqs.  (47)  and  (57)  in  terms  of  the 
tangential  aperture  field  E.p  as: 

00  00  -i  k(u  x  v  v)  -  jK  jz 

J  p  a  •  pq 

- r - — -  •  f  (0,  v>  (58) 

k  pq 
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In  this  expression  the  element  pattern  f  (0,  p)  is  vector,  and  is  common  to  all 
elements  of  the  array.  The  exponential  term  exp(-jl\  !  z  \  )  represents  a  traveling 
wave  only  for  grating  lobes  within  the  unit  circle  as  indicated  in  Section  1.  2.  3.  Thus 
in  the  region  far  from  the  array  (z  large)  only  one  term  of  the  series  exists  in  the 


52.  Oliner,  A. A.,  and  Maiech,  11. G.  (1966)  Mutual  coupling  in  infinite  scanning 
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absence  of  grating  lobes.  The  pattern  f (6 , 9)  is  sampled  at  those  points  (u  ,  v  ) 
corresponding  to  the  grating  lobe  lattice  and  the  infinite  array  radiates  only  in 
those  distinct  directions.  The  element  pattern  includes  mutual  coupling  between 
all  the  elements  of  the  array  because  the  tangential  component  E.„(x '  y ')  is  evalu¬ 
ated  by  the  solution  of  a  boundary  value  problem  like  that  of  Section  2.  1. 

Radiated  power  from  the  infinite  array  is  evaluated  by  integrating  the  dot  pro¬ 
duct  of  the  i'oynting  vector  across  a  unit  ceil.  By  conservation  of  energy  it  is 
simply  shown  that  the  normalized  power  radiated  from  an  infinite  array  is  given 
by  1(1  -  I" |  “)  cos  6qq]  when  no  grating  lobe  radiates,  and  so  the  field  pattern  of 
Eq.  (58)  also  defines  the  amplitude  of  the  array  reflection  coefficient.  It  is 
accepted  practice  to  measure  the  element  pattern  in  an  array  and  infer  the  reflec¬ 
tion  coefficient  from  this  data.  The  normalized  element  pattern  of  Eq.  (58)  is  thus 
[(1  -  ]  I'  “)(cos  ^  00^  ^  ^  for  the  driven  infinite  array  without  grating  lobes,  and  it 
would  also  be  the  measured  pattern  resulting  from  exciting  one  element  of  a  very 
large  array. 

Rigorous  infinite  array  solutions  have  been  obtained  for  a  large  number  of 
array  types.  Figure  11  shows  a  few  of  the  basic  array  configurations  for  which 
infinite  array  solutions  are  published,  included  in  the  figure  are  flush  mounted 

^  ^  ^  —  ^  y 

arrays  of  rectangular’  '  and  circular'  elements,  ridge  loaded  elements, 

protruding  dielectric  (TEA!  solution),  and  a  dual  frequency  dielectric  loaded  con- 
50 

figuration.  Among  other  published  solutions  are  numerous  interlaced  multiple 

6  0  6 1  6 
frequency  configurations,  examples  of  dielectric  loading,  iris  loading,  and 

fence1’  '  or  corrugated  plate6-*  loadings  for  impedance  match,  as  well  as  several 
very  wide  band  configurations  for  waveguide6’’  and  stripline.  66  in  addition  there 
have  been  a  number  of  infinite  dipole  array  solutions  published.6'  6" 

Among  the  more  important  phenomena  uncovered  through  infinite  array  theory 
is  the  description  of  the  so-called  blindness  phenomenon.  This  behavior  was  des¬ 
cribed  in  great  detail  in  the  tutorial  review  paper  by  Stark,  and  so  will  not  be 

treated  hero.  F’igure  12  shows  the  basic  phenomenon  as  discovered  bv  Farrell  and 
*4  S  46 

Kuhn  ’  in  the  first  published  analytical  work  on  the  subject.  This  figure  shows 
a  measured  deep  null  in  an  element  pattern  and  compares  the  data  with  results  com¬ 
puted  using  a  single  mode  grating  lobe  series  and  a  full  modal  array  solution.  The 

null  is  due  io  the  cumulative  effects  of  a  mutual  coupling  and  can  be  related  to  sur- 

69  25 

face  wave  type  behavior  at  the  array  face.  ’  “  in  many  cases  the  existence  of  the 
null  is  understood  as  a  cancellation  process  involving  waveguide  higher  order  modes, 
and  this  is  why  the  single  mode  grating  lobe  solution  hears  no  correlation  to  the 
data  in  Figure  12.  in  the  years  since  this  initial  discovery  these  blindni  sses  have 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 

See  References,  page  115.) 
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been  found  in  most  waveguide  array  configurations  and  in  some  dipole  and  strip- 
line  arrays.  In  many  cases  the  problem  can  be  reduced  or  eliminated  by  keep¬ 
ing  the  element  lattice  dimensions  dx  and  d^  small  enough  so  that  grating  lobes 
are  well  beyond  the  maximum  scan  angle  throughout  the  operating  frequency  range. 
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Figure  11.  Several  Configurations  With  Existing  Infinite  Array  Solutions 


Blindnesses  reported  in  dipole  arrays  seem  to  be  related  to  the  presence  of 
dipole  supports.  Analytical  studies  of  infinite  dipole  arrays  1  without  supports 
do  not  exhibit  array  blindness.  A  forthcoming  publication  by  Mayer  and  lltssol'  1 
analyzes  a  strip  line  dipole  structure  and  shows  that  for  practical  spacings  the 
balanced  stripline  dipole  feed  structure  supports  a  propagating  TJV1  mode  in  addi¬ 
tion  to  two  TEM  modes.  The  TM  mode  propagation  constant  is  scan  dependent  and 
for  certain  parameter  selections  it  occurs  before  the  onset  of  the  grating  lobe.  It 
is  conjectured  that  this  mode  might  be  the  cause  of  blindness  in  dipole  arrays. 


70.  Herper,  J.C.,  Esposito,  i  .  J.  ,  Kottenberg,  ('.,  and  Bessel,  A.  (1077) 

Surface  resonances  in  a  radome  covered  dipole  array,  1 077  IEEE  A 1*  lnt. 
Symposium  Digest:  1911-201. 

71,  Mayer,  E.  ,  and  Hessel,  A.  (1981)  Feed  region  modes  in  dipjle  phased  arrays 

IEEE  Trans.  AP.  to  be  published. 
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Figure  12.  Array  Element  Power  Pattern  Showing  Array 
Blindness  (after  Farrell  and  Kuhn^®) 


2.2  flu*  Moment  I’allorn  in  a  hinilo  \rra>  i>i  \|iortnros 

The  subject  matter  of  this  paper  is  more  eloselv  allied  to  moderate  si/e  than 
very  large  arrays,  and  although  an  infinite  array  has  a  unique  element  pattern,  in 
a  finite  array  the  active  element  pattern  is  different  for  each  element.  This  fact 
does  not  reduce  the  utility  of  the  concept  however,  because  the  element  pattern  is 
a  useful  bridge  between  theorv  and  measurements,  l  or  i  finite  array  of  apertures 


one  can  obtain  a  far-field  expression  directly  from  Eq.  (74)  using 


jr-r,j  =  R  -  r '  ‘  p  (59) 

where  Rq  is  measured  from  the  coordinate  origin  in  the  aperture  to  the  given  point 
in  space  at  R^,  6  ,  p  and 

—  /  /  t 

r  =  x  x  +  y  y 

(60) 

p  =xu+yv+z  cos  6  . 


The  Greens  function  of  Eq.  (45)  can  then  be  written  in  the  form: 


-  j  k  R  jk<r'  •  p) 

/—  —  /  v  e  e 

G(r,  r  )  =  - '"TfR - 


(61) 


Evaluation  of  Eq.  (47)  for  apertures  in  the  plane  z  -  0,  but  otherwise  arbitrarily 
located  yields 


l  •  /  \  ike 
E(r)  =  T 
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where  l?,j,  is  the  tangential  field  in  each  aperture,  as  obtained  from  the  solution  of 
a  set  of  integral  equations  as  described  in  Section  2.  1.  One  can  express  the 
E-field  in  terms  of  a  scattering  matrix  including  a  term  proportional  to  the  incident 
field  (incident  and  orthogonal  polarization)  and  all  induced  contributions  from  other 
elements.  For  an  array  of  waveguide  elements,  and  for  simplicity  neglecting  cross 
polarized  and  higher  mode  components,  the  total  field  of  the  r.i'th  waveguide  can  be 
written  using  the  scattering  matrix  of  the  array  junctions  using  the  expression  below. 
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where  the  a  is  the  incident  field  in  each  n  th  aperture, 
n  r 

scattering  matrix.  Then: 
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where 


g(m)  =  e 
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J  m 


and 
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This  expression  can  be  written: 
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For  simplicity,  this  derivation  was  carried  out  for  linearly  polarized  single 

mode  radiators,  but  the  result  can  be  generalized  to  any  array  and  reveals  what  is 

implied  by  the  concept  of  element  patterns  in  a  finite  array.  The  expression  shows 

the  far  field  written  as  the  sum  of  element  excitation  coefficients  a  multiplied  I  v 

the  lime  delay  factor  g  and  an  element  pattern  f  (0,  o)  which  is  now  different  for 
bm  1  m 

each  element.  The  element  pattern  includes  mutual  coupling  from  other  elements, 

g  n 

which  all  radiate  from  different  phase  centers,  hence  the  term  —  multiplying  the 

gm 

scattering  coefficient  Since  some  of  the  mutually  coupled  terms  can  have 

phase  centers  which  may  be  quite  far  from  any  given  element  (m),  the  mutually 

coupled  terms  can  produce  very  angle  sensitive  changes  to  the  element  patterns 
1 5 

resulting  in  rippled  and  distorted  patterns  that  have  strong  frequency  dependence. 
This  effect  is  discussed  in  Section  4  for  cylindrical  arrays. 

Apart  from  those  insights  into  element  pattern  distortion,  Lq.  (65)  reveals  that 
array  element  patterns  are  measured  just  as  is  a  scattering  matrix— by  loading  all 
elements  but  the  driven  one  and  measuring  the  radiated  element  pattern.  This  pro¬ 
cedure  is  one  of  the  most  useful  diagnostics  in  array  practice,  and  illustrates  the 
importance  of  element  patterns  in  finite  array  technology. 


2  l  Scannm"  From  llmadsidc  to  i'.ndfirr  Willi  a  Planar  \tra\ 

Among  the  requirements  stimulating  advanced  phased  array  developments  is 
the  need  for  obtaining  extremely  wide  angle  and  even  hemispheric  coverage  from  a 
single  array  antenna.  This  capability  is  important  for  a  number  of  applications. 
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including  ground  based  radars  but  it  is  nowhere  more  important  than  for  airborne 
arrays  for  satellite  communication. 

Aircraft  SAT  COM  systems  often  require  coverage  from  the  zenith  to  the  hori¬ 
zon,  usually  with  circular  polarization.  The  obvious  advantage  of  a  hemispheric- 
ally  scanned  array  for  this  application  is  that  a  single  array  could  perform  the 
whole  communication  function  that  would  require  a  multiplicity  of  arrays  scanning 
over  normal  (±  60°)  limits. 

In  an  infinite  two  dimensional  array  the  pattern  directivity  for  a  perfectly 
matched  aperture  varies  as  cos  9  .  If  the  array  mismatch  is  not  corrected  as  a 
function  of  scan  angle  the  gain  will  be  further  reduced  according  to  the  expression 

[1  -  |  r|  2]  cos  6  .  (66) 

Because  of  the  cosine  factor  the  infinite  two  dimensional  array  has  zero  gain  at 
the  horizon. 

Column  arrays  of  omnidirectional  elements  scanned  in  the  direction  of  the 
column's  axis  have  no  decrease  in  directivity  with  scan  angle  as  mentioned  in 
Section  1.4.  2,  but  in  practice  both  two  dimensional  and  linear  array  scanning  per¬ 
formance  are  dominated  by  mutual  coupling,  or  equivalently,  by  the  inability  to 
achieve  broad  element  patterns  in  an  array. 

For  finite  arrays  the  beamwidth  in  the  plane  of  scan  varies  much  like  sec  9 

except  near  endfire.  At  the  horizon  the  elevation  beamwidth  of  a  column  of  two 

1 0 

dimensional  arrays  in  free  space  is  given  approximately  by  Walter  and  Elliott.  " 


where  is  the  length  of  the  array  in  the  endfire  direction  and  C  is  a  constant 
which  varies  between  3.5  and  7  depending  upon  phase  velocity  and  the  array  dis¬ 
tribution.  Assuming  an  azimuthal  beamwidth  of  approximately  A/!-7,  where  1 
is  the  array  dimension  perpendicular  to  the  plane  of  scan,  the  directive  gain  at 
endfire  is 


This  result  is  consistent  with  that  obtained  by  Elliott'  if  the  factor  C  3.546 
is  used.  The  directivity  is  multiplied  by  4  for  the  array  over  a  perfect  ground 
plane  (and  the  beamwidth  of  Eq.  (67)  is  halved). 

The  ratio  of  directive  gain  at  endfire  to  directive  gain  at  broadside  (with 
perfectly  conducting  ground)  is; 
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(69) 


This  equation  shows  that  for  any  given  broadside  directive  gain  (Dq)  it  is  most 
advantageous  to  decrease  Lj  (the  array  projection  in  the  endfire  direction)  as  much 
as  possible,  for  this  minimizes  the  scan  loss.  It  also  indicates  that  larger  arrays 
suffer  increased  scan  loss.  For  example,  a  square  array  with  20  dB  gain  at  broad¬ 
side  should  exhibit  a  directivity  degradation  of  1  dB  at  endfire;  but  for  a  30  dB 
square  array,  4,  5  dB  falloff  is  expected. 

Unfortunately  this  decrease  in  directivity  is  only  one  of  the  factors  tending  to 
make  scanning  to  endfire  inefficient.  Other  major  factors  are  diffraction  and 
scattering  due  to  the  vehicle  on  which  the  array  is  mounted,  element  pattern  narrow¬ 
ing  and  array  mismatch  due  to  mutual  coupling. 

Figure  13  shows  the  geometry  of  a  cylinder  which  is  taken  as  having  a  constant 
radius  a.  For  simplicity,  consider  radiation  only  in  the  x-y  plane  (perpendicular 
to  the  cylinder  axis).  For  a  large  cylinder  one  can  disregard  edge  effects  in  the 
array  so  that  each  element  pattern  is  approximately  the  same,  and  compute  the 
radiation  pattern  as  the  product  of  the  array  factor  and  element  pattern. 


Figure  13.  Roll  Plane  Patterns 
of  Circumferentially  and  Axially 
Polarized  Slots  on  a  Cylinder 
of  Radius  "a" 


72 

Pathak  and  Kouyoumjian  give  a  convenient  expression  for  the  fields  of  infini¬ 
tesimal  aperture  mounted  on  generalized  perfectly  conducting  structures  using  the 
geometrical  theory  of  diffraction.  The  application  of  this  result  to  an  aperture 
mounted  on  the  top  of  a  perfectly  conducting  cylinder  is  described  in  Reference  73. 


72.  Pathak,  P.  ,  and  Kouyoumjian,  R.  (  1974)  An  analysis  of  the  radiation  from 

apertures  in  curved  surfaces  by  the  geometrical  theory  of  diffraction, 
lEEEProc.  ,  62(No.  1 1):  1438- 1447.  ' 

-  iAAa, 

73.  Mailloux.  R.  J.  (1977)  Phased  array  aircraft  antennas  for  satellite  communica¬ 

tion,  Microwave  Journal,  20(No.  10):38-42. 
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Using  the  results  one  can  express  the  radiation  pattern  of  elementary  slots  or  arrays 
on  cylinders  in  terms  of  the  radiation  into  three  distinct  regions  depending  upon 
whether  the  point  of  observation  is  in  the  upper  hemisphere  (called  the  illuminated 
region),  the  lower  hemisphere  (called  the  shadow  region),  or  in  the  vicinity  of  the 

horizon  (called  the  transitior  region).  The  angular  extent  of  the  transition  region 
-1/3 

is  of  the  order  of  (kQa)  on  each  side  of  the  shadow  boundary  for  a  cylinder  of 
radius  a.  Figure  13  illustrates  that  within  the  illuminated  region  the  axially  pola¬ 
rized  radiation  for  an  infinitesimal  element  has  a  cos  C  element  pattern.  More¬ 
over,  within  the  important  transition  region  these  patterns  are  modified  so  that 
the  circumferentially  polarized  component  does  not  remain  constant,  but  drops  to 
a  value  of  about  0.  7  in  field  strength,  or  -3.  2  dB  as  compared  with  its  value  at  the 
zenith,  while  for  axial  polarization  the  horizon  radiation  is  not  zero,  but  approxi¬ 
mately 


Thus,  for  a  thin  slot  with  circumferential  polarization  the  horizon  gain  is  inde¬ 
pendent  of  the  size  of  the  cylinder,  but  for  an  axially  polarized  slot  the  horizon 

-1/3 

gain  varies  directly  as  a  function  of  (k^a)  '  ,  For  cylinders  of  radius  a 

approaching  50  A,  the  horizon  field  is  thus  approximately  23  dB  below  zenith  gain. 

These  results  are  important  to  aircraft  antenna  design  for  SATCOM  communi¬ 
cation  because  such  systems  emphasize  high  gain  coverage  very  close  to  the  hori¬ 
zon.  The  above  pattern  levels  indicate  3.2  dB  loss  for  the  circumferential 
polarization,  but  so  much  more  loss  for  axial  polarization  that  for  an  aircraft  with 
a  fuselage  radius  of  manv  wavelengths  there  is  virtually  no  hope  of  substantial 
horizon  gain  in  that  polarization.  Since  most  satellites  are  circularly  polarized 
this  means  for  a  circularly  polarized  array  that  the  one  way  gain  to  a  satellite  is 
reduced  bv  approximately  9.  2  dB  even  before  considering  array  effects. 

The  remaining  factor  tending  to  reduce  endfire  gain  is  arrav  mutual  coupling. 
This  important  phenomenon  will  be  discussed  in  Section  -1  in  connection  with 
several  specific  examples  of  conformal  arrays. 


0.  38 
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The  discussion  of  scanning  behavior  in  the  previous  section  was  intended  to 
outline  the  more  important  phenomena  that  occur  in  all  types  of  arrays.  The  need 
to  avoid  array  resonances  (or  blindness),  and  to  perform  detailed  tradeoffs  of 
scanned  impedance  matching  arc  among  the  most  important  considerations  lacing 
the  array  designer. 
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Many  other  subtle  phenomena  influence  array  design  and  ultimate  perform¬ 
ance.  Practical  arrays  may  be  conformal  to  an  aircraft  or  missile  or  mounted 
above  the  earth  but  in  general  they  are  never  free  from  significant  interaction  with 
some  external  structure.  Small  arrays  may  have  each  element  pattern  substantially 
different  because  of  mutual  coupling  and  edge  effects.  Another  factor  setting  -i 
bound  on  ultimate  performance  is  the  amplitude  and  phase  accuracy  of  the  network 
exciting  the  array.  This  topic  is  considered  in  Section  3.  1.  Many  other  considera¬ 
tions  influence  the  designer  s  choice  of  elements  and  feed  network,  and  often  play 
a  dominant  role  in  making  the  final  selection.  Among  these  are  the  need  to  reduce 
array  weight,  cost,  or  size,  to  make  the  array  conformal  to  some  surface,  or  to 
obiain  very  precise  or  variable  pattern  control.  Such  considerations  result  in  a 
continual  increase  in  the  variety  of  arrav  elements,  feed  designs  and  phasing  de¬ 
vices,  and  often  lead  the  designer  to  select  a  technology  whose  behavior  is  not  well 
established  or  predictable. 

This  section  outlines  some  of  the  choices  available  to  array  designers  and  the 
factors  influencing  selection  of  a  specific  geometry. 


3.1  \rray  Krrors  and  I'liasr  Quantization 


The  ability  of  an  array  to  create  a  desired  antenna  pattern  in  space  is  limited 
by  diffraction  effects  resulting  from  finite  antenna  size,  by  the  fact  that  the  array 
can  only  approximate  a  continuous  current  or  aperture  distribution  by  a  discrete 
function,  and  by  random  or  correlated  errors  in  the  array  illumination.  Uandom 
errors  in  antennas  have  been  treated  by  a  number  of  authors,  and  some  of  tin  re¬ 
sults  are  quoted  here  in  order  to  follow  their  implication  in  selection  of  phase 
controls  and  power  distribution  networks,  l'.lemert  pattern  ripple  also  contributes 
to  phase  and  amplitude  errors  in  an  array  but  the  extent  to  which  that  error  ran  be 
treated  as  random  may  depend  upon  the  particulars  of  the  configuration. 

In  an  array  with  random  phase  and  amplitude  errors,  and  including  randomlv 
failed  elements,  the  average  sidelobe  level  far  from  the  beam  peak  is  given  hv:  *  ’  1 
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A"  is  the  amplitude  error  variunec  normalized  to  unity 
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0  “  is  the  phase  error  vanunee 

1’  is  tin'  probability  of  stirvi'al  for  am  element  in  the  array 
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1]  is  the  array  efficiency 
N  is  the  total  number  of  elements 


This  equation  gives  the  normalized  sidelobe  level  relative  to  the  average  array 
gain.  The  tailed  elements  in  the  array  are  assumed  to  be  randomly  located,  and 
the  average  value  of  the  phase  and  amplitude  errors  is  assumed  to  be  zero.  The 
sidelobe  le  el  above  should  be  considered  the  average  of  a  number  of  antenna 
patterns,  not  the  average  level  of  any  one  antenna. 

The  reduction  in  directivity  due  to  these  errors  is  given  by; 
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(72) 


Peak  sidelobe  levels  are  also  given  in  the  literature.  A  convenient  result  is 
obtained  when  the  errors  are  sufficiently  large  compared  to  sidelobes  or  null 
depths  that  structured  minor  lobe  radiation  is  negligible  and  the  statistics  of  the 
field  intensity  pattern  are  described  bv  a  Rayleigh  density  function.  In  this  case 
tlie  probability  that  a  particular  sidelobe  level  v^  is  exceeded  at  any  point  is:^ 


Probability  (v  >  v  ) 
o 


(73) 


•j 

where  a"  is  the  average  sidelobe  level  of  Kq.  (71). 

1 5 

Starting  with  the  expression  above,  valid  at  a  particular  point,  Allen  derives 

2 

the  following  rule  of  thumb  for  the  error  £  “  allowable  for  an  army  with  gain  G, 
far  sidelobe  level  1/K  and  using  element  lattice  areas  0.3  A  on  a  aide: 


10  -  K 


(74) 


which  results  in  an  allowable  phase  error  of  about  10°  when  the  sidelobe  level  is 
numerically  equal  to  the  gain. 

l'liis  important  relationship  explains  why  P  is  fairly  easy  to  design  arrays  with 
sidelobes  at  the  isotropic  level,  but  to  maintain  sidelobes  of  20  dB  below  the  iso¬ 
tropic  level  would  require  1°  phase  i  ;  ror,  an  extremely  difficult  goal  and  one 
barelv  within  the  present  state  of  the  art. 

P 

A  digitally  controlled  P  bit  phase  shilter  has  2  phase  states  separated  by 
P  74 

phase  steps  of  2,7  (2  ).  Miller  has  analyzed  the  resulting  peak  and  tuns  sidelobe 

74.  Miller,  (.'.  J.  (1064)  Minimizing  the  effects  of  phase  quantization  errors  in  an 
electronically  se  ntied  a  rrav,  Proe.  .  1404  Svntp.  on  Klectronically  Scanned 


levels  for  this  staircase  approximation  to  the  desired  linear  phase  progression  and 
has  shown  the  loss  in  array  gain  due  to  the  triangular  error  distribution  is  approxi¬ 
mately 


(75) 


which  is  on  the  order  of  0.  23  for  a  three  bit  phase  shifter  and  0.  06  for  a  four  bit 
phase  shifter.  More  significant  are  the  average  sidelobe  levels  which,  based  upon 
an  average  array  loss  of  2  dB  to  account  for  illumination  taper  and  scan  degradation 
are: 

RMS  Sidelobes  ~  - 1 -  (76) 

(2;  p  N 

where  N  is  the  "umber  of  elements  in  the  array.  For  a  one-dimensionally  scanned 
array  N  is  the  number  of  phase  controls,  and  the  RMS  sidelobe  level  above  is 
measured  in  the  plane  of  scan.  The  net  result  is  to  require  extreme  precision  for 
unidimensional  scanned  arrays.  References  74  and  6  give  curves  showing  this  side- 
lobe  level  for  various  phase  shifter  bits  "P"  and  \  up  to  10,  000  elements.  For 
-Ml  dB  rms  sidelobes  an  array  of  1000  elements  requites  5-bit  phase  shifters,  but 
an  arr  \y  of  10,  000  elements  can  maintain  50  d  11  sidelobes  with  only  3-phase  bits. 

Of  greater  significance  to  antenna  design  is  that  the  phase  errors  have  a 
periodic  variation  across  the  array  and  tend  to  collimate  as  individual  sidelobes, 
called  phase  quantization  sidelobes,  which  are  much  larger  than  the  rms  levels. 

A  detailed  discussion  of  this  phenomenon  is  given  in  Ref.  6,  pp  14-42,  along  with 
simple  formulas  for  evaluating  the  resulting  lobes.  A  perfectly  triangular  quantiza- 

p 

lion  error  causes  a  quantization  lobe  level  of  1/2  ,  which  gives  -30  dB  for  5-oit 

phase  shifters.  Ref.  u  shows  that  for  uiscrete  phase  shifters  the  error  is  not 
75 

triangular,  and  Brown  shows  that  the  maximum  quantization  lobe  can  be  sub¬ 
stantially  larger. 

One  solution  to  the  peak  quantization  lobe  problem  as  suggested  by  Miller  and 
in  a  more  recent  paper  by  1  uck  ^  is  to  decorrelaU  the  phase  shifter  errors.  De- 
correlation  occurs  naturally  in  space  fed  arrays,  where  the  phase  shifters  collimate 
the  beam  as  well  as  steer  it.  In  such  arrays  the  phase  error  is  distorted  from  the 
triangular  shape  and  the  quantization  lobe  is  substantially  reduced. 

75.  Brown,  J.  (1570)  quoted  in  Skolnik.  Radar  Handbook,  11,39-40. 

- -  - 

76.  Cheston,  T.  C.  (1972)  Beam  steering  of  planar  phased  arrays  in  Phased  Array 

Antennas.  Oliner  and  Kaittel,  Eds.,  Artech  Mouse,  Dedham,  .Massachusetts. 
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Alternatively,  in  an  array  with  in-pha«c  p f  'vei  ,a  ion  one  can  introduce  a 
phase  error  into  each  path  and  then  program  tv  pha  <  shifter  to  remove  the  error 
in  addition  to  steering  the  beam.  Optimizing  this  erro"  e<  n  reduce  the  peak  side- 
lobes  very  close  to  the  rms  sick  lobe  level,  but  this  ,  J:  ration  must  be  carefully 
accounted  for  in  the  array  design. 

An  entirely  different  solution  to  the  quantization  lobe  problem  is  often  achieved 

at  the  system  level  by  recycling  all  the  phase  shifters  between  consecutive  radar 

7 

pulses  or  between  transmit  and  receive.  This  process,  called  beam  dithering, 
consists  of  adding  a  fixed  phase  shift  to  the  phase  command  and  re-computing  phase 
shifts.  The  net  result  is  to  change  all  the  phase  states  so  that  the  quantization  is 
made  differently  for  each  pulse  (or  between  transmit  and  receive).  By  following 
this  procedure  one  can  use  simple  row -column  steering  but  introduce  randomness 
into  the  quantization  steps  to  reduce  the  peak  quantization  lobes. 

3.2  Array  Klenients 

Array  elements  usually  fall  into  one  of  the  categories  described  in  Section  2.  2. 
They  are  some  form  of  dipole  or  slot,  whether  excited  by  a  waveguide  or  trans¬ 
mission  Une.  Waveguide  arrays,  though  heavy,  tend  to  have  low  loss,  good  band¬ 
width  and  relatively  graceful  scan  degradation.  They  also  have  been  the  subject  of 
numerous  design  studies,  and  so  their  behavior  is  well  documented  and  predictable. 
Examples  of  specific  waveguide  element  design  are  the  studies  of  Wheeler,  1  lu 
wherein  matching  networks  were  derived  using  waveguide  transmission  circuits 

like  that  shown  in  Figure  14  consisting  of  dielectric  slabs  mounted  in  and  above  the 
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waveguide.  The  later  studies  of  McGill  and  Wheeler  introduced  the  use  of  a  di¬ 
electric  sheet,  often  called  a  W  AIM  (Wide  Angle  Impedance  Matching)  sheet  to  pro¬ 
duce  a  susceptance  variation  w'ith  scan  angle  that  partially  cancels  the  scan  mis¬ 
match  of  the  array  face.  These  early  studies  were  based  upon  the  grating  lobe 
series  approximation  (and  assumed  only  a  single  waveguide  mode)  and  so  did  not 
properly  account  for  array  blindness  effects.  That  does  not  reduce  their  utility  for 
design  purposes  however,  because  the  best  designs  occur  in  a  region  far  (in  angle) 
from  such  resonances.  Another  significant  influence  in  waveguide  array  design  was 
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the  work  of  Knittel,  described  in  more  detail  in  Section  2,  who  showed  that  at 
any  operating  frequency  one  could  always  reduce  the  inter- element  spacing  to 
avoid  a  blindness  condition.  This  does  not  mean  that  all  waveguide  elements  can 
be  made  to  scan  equally  well  by  reducing  spacing,  lor  in  fact  certain  structures  are 
much  more  subject  to  nulling  problems,  and  so  incur  severe  mismatch  problems 
at  much  smaller  scan  angles  than  others  at  any  given  spacing.  Examples  of  this 
are  structures  with  extern  il  loading,  heavy  dielectric  loading  or  baffles  or  pro¬ 
truding  dielectric  elements.  In  addition  to  WA1M  dielectric  sheets,  the  work  of 
Lee  and  Jones^“  showed  that  waveguide  irises  can  also  be  used  to  produce  good 
scan  match  over  very  wide  angles  and  can  even  eliminate  an  array  blindness  that 
was  present  in  the  unloaded  waveguide  array.  Bv  far  the  most  common  practice 
to  date  has  been  to  use  relatively  standard  waveguide  elements,  and  to  devote  a 
substantial  effort  to  frequency  and  scan  matching  the  elements  using  conventional 
microwave  networks  within  the  waveguides.  There  are  numerous  computer  codes 
for  evaluating  scan  variation  of  these  basic  elements,  and  indeed  some  for  sim¬ 
plifying  the  scan  matching. 
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CIRCULAR  ELEMENT  FOR  TRIANGULAR  GRID 
ARRAY  (AFTER  WHEELER) 


Figure  14.  Circular  Element  for  Triangular 
Grid  Array  (after  Wheeler*®) 
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One  significant  recent  development  in  impedance  matching  of  waveguide  arrays 

is  the  synthesis  of  double  tuned  response  characteristics  achieved  using  dielectric 

loading  and  a  section  of  waveguide  below  cutoff.  Figure  15  shows  a  cross  section 

80 

of  the  geometry  synthesized  by  this  procedure  including  a  loaded  rectangular 

waveguide  (phase  shifter),  a  transformer  to  circular  guide,  two  dielectric  disks, 

8 1 

and  an  unloaded  section  of  guide  that  is  below  cutoff  at  the  operating  frequencies. 


Figure  15.  Doubly  Tuned 
Waveguide  Array  jSlement 
(after  Lewis  et  aL®) 


Dipole  arrays  have  also  received  substantial  attention,  and  have  generally 
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graceful  scan  properties  when  properly  designed.  The  survey  article  by  Stark 
summarizes  much  of  the  early  data  on  dipole  arrays  including  studies  at  Lincoln 
Laboratory  of  a  10  X  10  array  of  slot-fed  dipoles  and  the  development  of  several 
thicker  dipole  elements. 

Apart  from  coaxially  fed  dipole  arrays  and  open-ended  waveguide  arrays,  there 

are  a  number  of  other  elements,  each  designed  to  suit  some  special  application. 

Among  these  is  a  large  class  of  stripline  and  microstrip  radiating  elements. 

Stripline  elements  can  be  developed  with  bandwidth  up  to  an  octave,  and  can  be 

combined  with  precision  circuitry  for  low  sidelobe  pattern  control.  Microstrip 

elements  have  far  less  bandwidth,  but  low-cost,  lightweight  designs  can  have  good 
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pattern  characteristics.  A  recent  report  by  Hall  and  James  '  describes  a  variety 
of  low  profile  array  elements.  Figure  16  shows  one  means  of  exciting  flush  mounted 
stripline  slot  antennas.  Often  these  elements  are  isolated  from  the  rest  of  the 
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stripline  medium  by  plated -through  holes  or  rivets  that  form  a  cavity  as  shown  in 
the  figure,  and  which  serve  to  suppress  higher  order  modes. 


Figure  16.  Stripline  Slot  Kadiator 


Figure  17a  shows  one  common  type  of  stripline  printed  uipole.  This  design, 
due  to  Wilkinson.  ^  uses  a  metallization  on  two  sides  of  a  microstrip  line  to  pro¬ 
duce  a  complete  dipole  fed  by  a  two-wire  line  in  the  plane  of  the  dipoles.  This 
dipole  and  printed  circuit  distribution  network  is  fabricated  by  two  photographic 
exposures  using  a  two-sided  printed  circuit  board,  and  so  is  an  example  of  low  cost 
technology.  The  array  was  mounted  a  quarter  wavelength  above  a  ground  plane  and 
uniformly  illuminated  by  a  reactive  power  divider  to  form  a  pencil  beam. 

Another  convenient  circuit  for  dipole  design,  shown  in  Figure  17b,  is  des¬ 
cribed  in  a  report  by  Hanley  and  Perini^’  and  is  a  printed  stripline  folded  dipole 
with  a  Schiffman  balun.  One  major  advantage  of  this  clement  is  that  it  is  printed  in 
a  single  process,  all  on  one  side  of  a  circuit  board  and  so  is  relatively  inexpensive 
to  produce. 

Several  very  broadband  elements  have  been  described  in  the  literature.  Among 
these,  the  broadest  band  is  the  flared  notch  antenna  (Figure  18)  studied  by  Lewis 
et  al,  ‘  which  exhibits  up  to  octave  band  when  used  in  an  array,  but  needs  careful 
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design  for  any  given  array  configuration  because  of  the  possibility  of  array  blind¬ 
ness  effects  for  critical  frequencies  and  scan  angles. 


A.  PRINTED  DIPOLE  (AF TE R  WILKERSONI 


Figure  li.  Printed  Circuit  Dipole  Configurations 
(u)  Printed  Dipole  (after  Wilkinson^S) 

(b)  Folded  Dipole 


tine  of  the  continuing  needs  of  future  array  technology  is  the  development  of 
truly  low  cost,  lightweight  arrays,  but  the  task  of  lowering  array  cost  has  proven 
far  more  than  an  exercise  in  efficient  production  techniques.  It  now  seems  that 
such  arrays  will  only  be  practical  when  elements,  phase  shifters,  and  transmission 
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.ines  can  all  be  assembled  automatically.  A  dramatic  stride  in  this  direction  is 
the  microstrip  and  associated  feed  networks.  Figure  19  shows  a  sketch  of  the 
basic  microstrip  "patch"  element,  a  recta  igular  sheet  of  conducting  metal  sus¬ 
pended  in  close  proximity  to  a  metallic  gri  rid  plane,  and  usually  formed  by  etching 
the  copper  from  one  side  of  the  printed  circuit  board.  The  conducting  patch  is  ex¬ 
cited  by  a  microstrip  transmission  line  as  shown  in  the  figure  or  bv  a  coaxial  line. 
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The  basic  patch  element  has  been  analyzed  by  a  number  of  authors  and  its  radia¬ 
tion  model  depicted  in  Figure  19  assumes  the  element  to  radiate  as  two  slots 
separated  by  a  half  wavelength  in  the  dielectric  medium.  This  and  other  varieties 
of  microstrip  element  have  been  the  subject  of  many  detailed  theoretical  investiga¬ 
tions.  Circuit  models  of  varying  degrees  of  complexity  have  been  developed  by 

Lo,  ^  ‘  Carver,  ^  and  Dernervd"  while  integral  equation  and  moment  method 

90  91 

analysis  have  been  proposed  by  a  number  of  other  authors. 


Figure  18.  Flared  Notch  Array  Elements  (after  Lewis  et  al®®) 


The  primary  reasons  for  using  microstrip  radiators  are  to  take  advantage  of 
the  low  fabrication  cost  achieved  by  etching  elements  and  transmission  lines,  and 
to  produce  very  low  profile  array  elements.  Measured  against  these  criteria  the 
patch  element  is  unexcelled.  Unfortunately  the  basic  patch  is  narrow  band,  with 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  115.) 
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MICROSTRIP  PATCH  RADIATOR  SIMPLIFIED  TWO  SLOT  RADIATION  MODEL 

Figure  19.  Microstrip  Patch  Radiator  (after  Alunson^") 


percentage  bandwidth  given  approximately  by 
Af 


100 
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where  t  is  the  thickness  (in  centimeters),  for  the  air-loaded  patch.  In  addition,  the 
element  has  a  directive  element  pattern  because  it  is  a  half  wavelength  long  and  so 
is  not  suited  to  wide-angle  scan.  A  number  of  very  creative  microstrip  elements 
have  been  developed  to  address  some  of  these  needs,  f  igure  20  shows  a  square  patch 
design  for  radiating  circular  polarization,  a  shorted  rectangular  patch  for  producing 
a  much  wider  element  pattern  in  the  scan  plane,  and  a  combination  of  shorted  patches 


that  radiates  circular  polarization  and  is  the  microstrip  equivalent  of  crossed  slot 
92 

radiators.  Many  other  microstrip  radiators  have  found  practical  application.  Of 

92 

these,  the  most  significant  is  the  circular  disk  radiator  of  Howell  (Figure  20d) 


which  can  be  excited  by  a  microstrip  line  but  which  also  is  very  suitably  excited  from 
below  the  ground  plane,  as  shown  in  the  figure.  Still  other  transmission  line  media 
offer  advantages  for  array  use  in  a  variety  of  applications.  Figure  21  shows  ex¬ 


amples  of  slotline  and  coplanar  stripline  antenna  elements  referenced  by  Grei/.er. 
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1’igure  20.  I'seful  Microstrip  Radiator  Types 


CONDUCTOR 


Figure  21.  Two  Printed  Circuit  Radiators 
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3.3  Passive  Components  for  Arrays:  Polarizers  anti  Feed  Networks 

The  trends  toward  greater  flexibility,  more  accurate  pattern  controls  and  light 
weight  compact  array  structures  are  also  affecting  the  type  of  components  used  in 
arrays.  This  section  lists  some  of  the  passive  components  used  to  control  radiated 
polarization  and  to  provide  power  distribution  networks  for  precise  pattern  synthesis. 

Waveguide  polarizers  using  a  probe  or  obstacle  to  excite  both  polarizations  and 
some  variation  of  a  quarter  wave  plate  to  produce  the  requisite  ±  90°  delay  for 
circular  polarization  have  long  been  used  as  phased  array  components.  Recent  ad¬ 
vances  in  this  direction  have  stressed  broadband  performance  and  polarization 

flexibility.  A  dual  frequency  waveguide  polarizer,  recently  developed  by  Crone  et 
95 

al  for  a  reflector  feed,  which  provides  good  circular  polarization  over  two-500 
MHz  bands  with  lower  frequencies  of  12  and  14  GHz  typifies  the  advanced  state  of 

this  art,  although  is  too  large  for  array  use.  Other  waveguide  polarizers  in  cur- 
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rent  use  include  the  tapered  septum  polarizer  for  converting  linear  to  circular 
polarization  which  operates  over  about  a  2  to  5  percent  bandwidth  and  the  stepped- 

septum  polarizer  of  Chen  and  Tsandoulas,  a  three-port  device  that  allows  polariza- 
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tion  agility  over  at  least  20  percent  bandwidth  with  isolation  greater  than  26  dB. 

Often  it  is  less  expensive  to  insert  a  polarizer  in  front  of  the  whole  array,  and 

this  is  a  customary  solution  for  non-scanned  arrays.  The  earliest  polarizer  of  that 

type  is  a  grid  of  quarter  wave  plates,  but  a  much  more  popular  recent  solution  is 

98 

the  use  of  meander  line  polarizers  following  the  %vork  of  lilatthai  et  al. 

Power  divider  networks  for  array  feeds  must  be  extremely  precise  to  synthe¬ 
size  low  sidelobe  radiation  patterns.  Other  requirements  often  impose  extreme 
high  power  specifications,  and  still  others  demand  very  lightweight  or  compact 
construction  practices.  Waveguide  and  coaxial  line  corporate  feed  networks  are 
most  often  used  for  high  power  arrays  but  the  increasing  ease  and  quality  of  strip¬ 
line  construction  has  made  stripline  the  medium  of  choice  for  many  new  array  de¬ 
velopments.  Often  it  is  convenient  to  produce  hybrid  combinations  of  waveguide, 
coaxial  line,  and  stripline  to  take  advantage  of  inexpensive  stripline  network  tech¬ 
niques  for  lower  power  sections  of  the  array  while  using  waveguide  or  coaxial  line 
at  the  high  power  regions  of  the  feed  network. 
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Precise  feed  synthesis  requires  both  equal  and  unequal  power  dividers.  The 
most  commonly  used  stripline  components  are  reactive  tee  power  dividers,  branch 
line  couplers,  parallel  coupled  line,  and  in-line  power  dividers.  Although  simplest 
and  least  expensive  to  construct,  reactive  tee  power  divider  networks  have  no 
isolated  port  and  hence  offer  serious  mismatch  and  isolation  problems  when  used 
to  feed  mismatched  elements.  Reactive  corporate  feed  networks  are  therefore  use¬ 
ful  mainly  for  fixed  beam  arrays  or  for  power  division  in  the  unscanned  plane  of 
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arrays  with  one  plane  of  scan.  Single  section"  branch  line  couplers  occupy  an 

area  approximately  A/4  square  and  are  most  useful  for  coupling  ranges  from  3  to 

9  dB.  These  couplers  are  easily  fabricated  using  a  conventional  stripline  by 

machining  or  etching  the  center  conductor.  Parallel  coupled  stripline  power  dividers 

for  loose  coupling  (>  10  dB)  can  also  be  designed  from  conventional  stripline  using 

side  coupled  parallel  lines,  but  tighter  coupling  -squires  the  use  of  three-layer 

stripline  for  broadside  coupled  lines  (3  to  6  dB  coupling)  or  variable  overlap 

couplers  for  intermediate  valu^;.  Single  section  parallel  coupled  power  dividers 

are  A/4  long  but  occupy  less  area  than  branch  line  hybrids.  Another  likely  choice 
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for  array  feed  networks  is  the  Wilkinson  in-line  power  divider  or  its  impedance 
compensated  derivative,  the  split  tee  power  divider.  Single  section  Wilkinson 
power  dividers  are  A/4  long  for  equal  power  division  and  A/2  long  for  unequal  power 
division.  Split  tee  power  dividers  have  an  extra  stage  of  impedance  matching  and 
so  are  longer  by  approximately  A/4,  although  they  have  the  advantage  of  wider 
bandwidth. 

In-line  power  dividers  have  excellent  broadband  characteristics  in  comparison 
with  branch  and  coupled  line  hybrids  because  the  coupling  ratio  is  determined  by 
relative  impedance  ratios,  not  line  length.  Similarly,  in-line  hybrids  are  in-phase 
power  dividers  and  so  there  is  little  phase  error  introduced  with  frequency  change. 
The  output  port  of  branch  and  coupled  line  hybrids  have  substantially  different 
phases  (-/ 2  foi  equal  power  division)  and,  although  this  can  be  compensated  at 
center  frequency,  networks  of  these  hybrids  tend  to  be  very  narrow  band  relative 
to  in-line  hybrids.  Typical  bandwidths  for  individual  in-line  hybrids  can  reach  an 
octave.  The  selection  of  power  division  networks  is  critical  to  array  design  and 
the  choice  can  vary  substantially  with  the  application.  The  following  two  develop¬ 
ments  illustrate  this  point. 

An  example  of  a  modern  stripline  array  feed  design  is  the  dual  shaped  beam 
column  array  synthesis  by  llanlev  and  IV run.  !'he  requirements  for  this  array 
was  to  form  two  independent,  shaped,  elevation  beams,  a  lower  pencil  beam  and  an 

99.  Howe,  U.  (1914)  Stripline  Circuit  Design,  \HccIl  House,  Inc., 
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upper  beam  with  an  approximate  esc  pattern.  The  network  forms  the  lower  beam 
using  a  combination  of  two  orthogonal  beams  and  the  upper  beam  using  a  weighted 
combination  of  six  other  orthogonal  beams.  Beam  orthogonality  allows  the  proper 
array  weighting  to  be  accomplished  with  lossless  networks.  The  resulting  column 
network,  shown  in  Figure  22,  is  composed  of  two-  and  three-branch  stripline  power 
dividers,  some  with  interchanged  output  lines  to  give  a  wide  range  of  coupling 
values.  Branch  line  couplers  were  chosen  in  preference  to  coupled  line  devices 
because  of  the  convenience  of  using  two-layer  stripline  board  for  fabrication  while 
maintaining  a  wide  enough  range  of  coupling  values.  Three-branch  couplers  were 
used  for  coupling  values  up  to  6.7  dB  because  of  their  wideband  performance,  but 
for  higher  coupling  values  two-branch  couplers  were  used  to  avoid  etehing  very  fine 
stripline  conduetors.  The  series  feed  network  required  43  different  eoupler  de¬ 
signs  ranging  from  3.4  dB  to  1?  dB.  Another  practical  innovation  incorporated  into 
this  cireuit  comes  from  the  recognition  that  the  effective  electrical  length  of  a 
branch  line  coupler  is  equal  to  its  physical  length  only  at  design  frequency.  The 
slope  of  the  insertion  phase  of  a  coupler  is  greater  than  that  of  an  uncoupled  line 
and  the  greater  the  coupling  the  greater  the  slope.  Thus  the  bandwidth  of  this  series 
fed  branch  line  coupler  network  was  broadened  bv  adding  line  lengths  before  each 
element  that  did  not  simply  equate  total  path  length,  but  approximately  equated  the 
total  slope  of  the  phase  frequency  curve  at  each  element.  This  network  formed  the 
requisite  beams  with  less  than  1.  05  dll  loss  over  15  percent  bandwidth  at  1.  3  Gllz. 

A  second  illustration  of  modern  feed  technology  is  the  corporate  stripline  feed 
for  a  low  sidelobe  fixed  beam  array  at  I. -band.  This  study  reported  the 

development  of  a  split  tee  stripline  coupler  power  divider  network  for  a  very  large 
I. -band  array  operating  over  the  frequency  range  800  to  140C  MHz,  and  consisting 
of  8  rows  of  36  elements  each.  The  corporate  feeds  were  constructed  of  stripline 
with  the  center  conductor  machined  by  a  computer  controlled  milling  maehine  to 
produce  a  -55  dB  Chebyshev  "taper"  (including  the  effects  of  mutual  coupling).  To 
achieve  such  accurate  pattern  control  over  a  wide  frequency  range  the  design  used 
split  tee  power  dividers  and  relatively  low  coupling  values  throughout  the  feed.  To¬ 
ward  tliis  end  Winchell  compared  binary  and  non-binary  networks  for  producing  the 
severe  taper.  Two  of  the  networks  are  shown  in  Figure  23,  with  coupling  values  for 
the  lossless  couplers  indicated  on  the  figure.  The  binary  network  leads  to  necessarily 
high  coupling  values  (and  thus  to  relatively  narrow  band  couplers  with  faster  phase 


101.  Winchell,  S.G.  (1979)  A  Performance  Analysis  of  Broadband  Low  Sidelobe 

Array  Antennas.  Report  No.  N6092 1  -75i-C- A236 -  100,  Naval  Surface  Weapons 
Center,  Dahlgren,  Virginia 

102.  Kvr.ns,  C.K.,  and  U  mchell,  S.  G.  (  19791  \  wide -band  ultra  -low  sidelobe  antenna. 

Proceedings  of  the  ldi1*  Antenna  Applications  Symposium. 
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Figure  22.  Strip  Line  Column  Array  (after  Hanley  and  Pcrini^) 


slopes).  Couplers  with  less  than  4  dll  coupling  have  pause  and  amplitude  differ¬ 
ences  within  ±  0.  03  dll  and  ±  0.  15°  over  the  55  percent  bandwidth,  and  5  dll 
couplers  have  differences  within  ±  0.  1  dll  amplitude  and  ±  0.5°  phase.  Couplers 
with  higher  coupling  values  had  much  poorer  broadband  performance.  Non-binary 
networks,  or  partially  binary  (sucli  as  the  one  in  Figure  23b)  can  have  lower  coupler 
values,  but  they  have  significantly  unequal  path  lengths  which  must  be  equalized  by 
additional  compensating  lines  to  improve  the  broadband  response.  The  final  design 
had  all  couplers  less  than  4.4  dll  with  the  exception  of  5.  1  dB  couplers  feeding  the 
outer  six  elements  on  each  side  of  the  array.  The  completed  array  shown  in  Fig¬ 
ure  24  demonstrated  better  than  36  dB  peak  and  48  dB  KA1S  sidclobes  over  about 
45  percent  bandwidth.  Tile  author  has  computed  the  results  of  several  minor 
modifications  to  the  distribution  network,  and  indicates  that  these  would  result  in 
an  improvement  in  performance  approaching  45  dB  peak  and  55  dB  KIMS  sidelobes 
over  the  same  bandwidth. 

3,4  \rra>  Phase  Control 

A  number  of  recent  references  have  described  array  phasing  devices  and  phase 
shifter  networks  in  great  detail.  Therefore,  this  subject  will  be  treated  only  brief¬ 
ly  here.  In  addition,  the  topic  of  time  delay  devices  for  arrays  is  omitted  because 
the  primary  components  used  to  date  are  switched  transmission  lines  and  governed 
by  the  same  critical  components  as  phase  shifters. 
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S.  NON -BINARY  NETWORK 

Figure  23.  liffeet  of  Network  Structure 
on  Coupling  \  alues  (alter  Winehell^0' ) 


Rhus  tng  networks  are  most  often  implemented  at  the  Hi  operating  frequency 
because  tliis  is  usually  the  most  efficient  process.  Notable  exceptions  use  phase 
shifters  at  intermediate  frequencies  and  up- convert  to  KF  with  amplifiers 

to  improve  efficiency.  In  addition  many  ingenious  intermediate  frequency  phase 
scanning  systems  have  used  harmonically  derived  phase  shifts  or  frequency  dis¬ 
placed  signals  across  an  array  to  produce  time  varying  beam  positions  (see  Kefor- 
once  105).  Systems  of  this  type  are  described  in  the  literature  and  their  operation 
is  beyond  the  scope  of  this  paper.  1  hert  are  also  new  svstem  concepts  that  utilize 
optical  fibers,  phase  locked  oscillators,  ’  or  spatial  frequence  components 
to  synthesize  radiation  patterns.  KF  phase  shifters  have  also  been  described  in 
substantial  detail  in  other  references  *  “  ^  and  so  are  only  treated  here  to  outline 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 

See  References,  page  115.) 
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Figure  24.  L-Bnnd  Low  Sidelobe  Array  (Courtesy  of  Westinghouse 
Corporation) 


the  choices  open  to  the  design  engineer,  in  general,  diode  phase  shifters  dominate 
the  frequency  range  below  2  till/  and  ferrites  are  usually  selected  above  5  GHz. 
Diode  phase  shifters  are  compact  and  very  light  in  weight  compared  to  ferrite  de¬ 
vices  and  so  are  gaining  popularity  in  lightweight  array  configurations  through 
15  till'd,  often  in  combination  with  low  cost  monolithic  microstrip  antenna  circuits. 

At  present  the  most  popular  types  of  diode  phase  shifter  designs  for  arrays  arc 
the  hybrid  coupled,  switched  line,  and  loaded  line  phase  shifters  using  PIN  diodes. 
These  three  fundamental  networks  are  shown  in  Figure  25.  Hybrid  and  loaded  line 
(transmission)  phase  shifters  require  two  diodes  per  bit.  and  switched  line  phase 
shifters  require  four  per  bit.  Switched  line  hybrids  also  have  grater  insertion  loss 
and  an  undesirable  phase  dependence  with  frequency  that  usually  makes  them  un¬ 
suitable  for  low  sidelobe  array  control.  However,  they  do  possess  distinct  advan¬ 
tages  ir.  weight  and  compactn  >ss,  and  have  been  used  successfully  in  monolithic 
microstrip  antennas  for  m  av  voc  -s.  Hybrid  and  transmission  phase  shifters  have 
lower  loss  and  better  bandwidth  performance.  An  S-band  stripline  hybrid  phase 
shifter  is  reported  b\  White  1  to  Is  ive  an  average  phase  error  of  only  3  '  over 
20  percent  bandwidth.  Jins  device  had  ibout  0,  8  dll  average  loss  from  8.0  to 


3.  5  GHz  and  was  tested  to  high  power  burnout  at  4  kW  peak  'with  0.  1  msec  pulses 
and  0.  05  duty  cycle.  Insertion  loss  for  X-band  and  Ku-band  phase  shifters  was 
about  2  and  3  dB. 


C  LOADED  LINE  (TRANSMISSION)  PHASE  SHIFTER 


Figure  25.  Diode  Phase  Shifter  Circuits 


Broadband,  low  sidelobc  array  designs  are  possible  using  Schiffman  phase 
shifters  because  this  phase  shifter  produces  nearly  constant  phase  shift  over  ex¬ 
tremely  wide  frequency  ranges.  White****  gives  data  for  a  90°  bit  over  a  frequency 
ratio  of  2.  27: 1. 

1 1 3 

A  precise,  low  sidelobe  array  developed  by  Tsandoulas  used  six  bit  diode 
phase  shifters  developed  by  Microwave  Associates  and  achieved  phase  tolerance 
limits  of  less  than  0.  9°  rms  for  the  90  and  180°  bits,  0.  4°  for  45°,  22.  5°  and 
1  1.  25  3  bits,  and  0.2°  for  the  5.625°  bit.  These  remarkable  results  were  achieved 
in  a  practical  testbed  array  described  in  Section  4. 

113.  Tsandoulas,  G.  N.  (1980)  Unidimensionallv  scanned  phased  arrays,  IEEE  Trans.  , 
AP-28(No.  l):86-98. 
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Ferrite  phase  shifters  have  been  built  to  operate  up  to  60  GHz  and  possess 
excellent  characteristics  for  many  phased  array  applications.  Several  recent 
survey  articles  and  an  annotated  bibliography  ^  summarize  progress  in  this 

field  and  list  numerous  references  to  devices  and  to  the  fundamental  theory  of 
ferrite  phasor  operation.  Non-reciprocal  ferrite  phase  shifters  include  early  twin 
slab  designs  (Figure  26a)  that  require  a  transverse  switched  external  magnetic  field 
and  the  well  known  toroid  designs  (Figure  26b)  that  use  a  longitudinal  wire  to  drive 
the  ferrite  magnetization  to  saturation  as  in  a  latching  phase  shifter,  or  to  various 
points  on  the  magnetization  curve  with  flux  drive  circuitry.  Typical  digital  latching 
phase  shifters  can  have  bandwidth  in  excess  of  10  percent  and  insertion  loss  between 
0.  5  and  1  dH.  Power  levels  can  vary  from  1  kW  to  as  much  as  150  kW  peak  and 
average  power  levels  to  400  W.  Latching  phase  shifters  have  switching  times  on 
the  order  of  one  microsecond  and  have  become  standard  throughout  the  industry. 

Flux  drive  circuits  with  toroidal  phase  shifters  allow  for  analog  phase  settings, 
and  so  need  not  be  restricted  to  specific  phase  bit  values.  The  major  disadvantage 
of  these  non- reciprocal  phase  shifters  is  the  need  to  reset  them  between  transmit 
and  receive  functions  for  radar  application. 


CONDUCTOR 

FOR 

LATCHING  PULSE 


A.  DUAL  SLAB 


Figure  26.  Dual  Slab  and  Toroid  Ferrite  Phase  Shifters 


114.  Ince,  W.J,,  and  Temme,  D.  11.  ( 1969)  Phasers  and  time  delay  elements,  in 

Advances  in  Microwaves,  4:2-183. 
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115.  Vihicker,  I,.  K.  ,  and  Young,  C.  \\  .  (197  8)  The  evolution  of  ferrite  control  com¬ 

ponents,  Microwave  Journal,  21(No.  1  1): 33-37. 

116.  Whicker,  L.  R.  ,  and  Bolle,  D.  M.  (1975)  \nnotatcd  literature  survey  of  micro- 

wave  ferrite  control  components  and  materials  for  1968-1974,  1LLL  Trans.  , 
MTT-  23(No.  1 1 ) :  9  0  8  -  9  18. 


Among  several  varieties  of  reeiproeal  ferrite  phase  shifters  the  dual-mode 
phase  shifters  have  replaced  Reggia-Speneer  phase  shifters  which  have  been  found 
to  have  low  values  of  phase  shift  per  wavelength.  Dual  mode  phasors  are  Faraday 
rotation  devices  that  convert  a  linearly  polarized  incident  waveguide  mode  to  cir¬ 
cularly  polarized  energy  using  a  nonreeiproeal  ferrite  quarter  wave  plate,  phase 
shift  the  energy  by  Faraday  rotation,  and  then  convert  it  back  to  linear  polarization. 
A  signal  from  the  opposite  direction  is  converted  to  circular  polarization  of  the 
opposite  sense  but  since  the  direction  of  propagation  and  polarization  are  both 
opposite  it  incurs  the  same  reciprocal  phase  shift.  Dual  mode  phase  shifters  are 
very  competitive  with  toroid  phase  shifters  and  have  average  power  levels  up  to 
1.  5  kW  at  S-band  and  peak  powers  to  150  kW.  Insertion  loss  can  be  0.  6  dB  through 

X-band.  Switching  speed  can  be  on  the  order  of  tens  of  microseconds  for  a  latched 

112 

design  depending  on  the  application.  The  reference  by  lnee  compares  specific 

phasor  examples  for  S-band  through  Ka  band. 

One  other  important  reciprocal  phase  shifter  which  is  very  competitive  for  a 

restricted  set  of  applications  is  the  analog  rotary-field  phase  shifter  of  Boyd.  1  " 

This  phase  shifter  is  based  on  the  principle  of  the  commercial  rotary-vane  phase 
118 

shifters  after  Fox,  and  uses  a  ferrite  rod  of  circular  cross  section  fitted  with 
a  slotted  stator  in  which  are  wound  two  sets  of  coils  that  each  generate  a  four-pole 
field.  In  comparison  to  the  well  known  rotating  half  wave  plate  of  the  Fox  phase 
shifter,  the  stator  windings  produce  a  rotating  four-pole  field  distribution,  with  the 
orientation  of  the  principal  axes  proportional  to  the  coil  driving  current  values. 

The  DC  distribution  in  the  ferrite  serves  to  rotate  a  virtual  half  wave  plate  that  is 
converted  to  a  phase  shift  just  as  is  the  mechanical  half  wave  plate  rotation  of  the 
Fox  phase  shifter.  This  circuit  has  the  disadvantages  of  requiring  watts  of  drive 
power  per  phase  shifter  and  having  relatively  long  switching  times  (200  -  500  psee). 
Its  advantage  for  many  applications  far  outweigh  these  advantages  because  it  has 
nearly  dispersionless  phase  shift  that  can  be  maintained  within  a  degree  or  two  over 
substantial  bandwidths,  has  insertion  loss  well  under  1  dB,  and  can  handle  very  high 
peak  and  average  power  levels.  An  S-band  model  operates  at  90  kW  peak,  3  kW 
average  power,  0.  5  dB  insertion  loss,  and  phase  tracking  within  ±1.5°  over  about 
9  percent  bandwidth. 


117.  Boyd,  C.  R.  (1977)  Analog  rotarv-field  ferrite  phase  shifters,  Microwave 

journal,  20(No.  1 2):4  1-43. 
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118.  Fox,  A.  G.  (1947)  An  adjustable  waveguide  phase  changer,  Proe.  IRE, 

35:1489-1498.  ' 
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4.  Till’.  \  \RIKT1  OF  \KKAY  CONCEITS  V\i>  TECHNOI.OM 


The  survey  by  Stark1  empliasized  large  ground  based  phased  arrays  for  sur¬ 
veillance  radar  systems.  These  systems  have  not  become  less  important,  but 
this  is  a  period  of  such  dramatic  growth  in  smaller  arrays  designed  to  satisfy 
special  requirements  that  the  properties  of  strategic  arrays  have  been  deemphasized 
in  this  summary.  This  section  describes  techniques  for  a  number  of  important  re¬ 
quirements,  including  very  low  sidelobc  arrays,  conformal  arrays  and  arrays  for 
hemispherical  coverage,  hybrid  array- reflector  and  array-lens  techniques  for 
limited  sector  coverage,  various  lightweight  antenna  techniques,  and  ultra  wide¬ 
band  technology  for  large  arrays. 

The  arrays  described  in  this  section  are  all  quite  different  in  their  design, 
function,  and  characteristics.  Hybrid  scan  antennas  in  general  perform  no  function 
that  cannot  be  performed  better  bv  conventional  phased  arrays;  but  they  satisfy 
their  requirements  for  the  lowest  possible  cost.  Printed  circuit  array  antennas, 
microstrip,  strip  line,  or  other  media  such  as  coplanar  strip  line  have  inherently 
no  better  performance  than  waveguide  arrays,  have  more  serious  tolerance  re¬ 
quirements,  and  fundamentally  lower  power  transmitting  capabilities:  but  again 
are  much  cheaper  and  also  lighter  weight  than  waveguide  arrays  and  therefore  suit 
many  applications  that  arc  not  satisfied  bv  conventional  waveguide  or  coaxial  arrays. 
Use  of  these  new  transmission  media  implies  a  relatively  important  change  in  the 
technology,  for  it  impacts  bandwidth,  scanning  performance,  and  other  array 
characteristics,  including  even  the  v. ay  phase  controls  are  designed  and  fabricated. 
Hemispherical  coverage  and  wide  band  arrays  both  require  markedly  different  tech¬ 
niques  than  conventional  planar  arrays,  finally  there  is  a  whole  class  of  arrays 
designed  for  extremely  fine  pattern  control.  It  is  this  area  that  is  perhaps  the  most 
important  new  technological  requirement  to  be  met  by  future  array  systems,  and 
one  that  is  not  well  addressed  by  present  day  technology.  The  development  of  a  nans 
with  deterministic  or  adaptive  control  of  very  deep,  broad  band  pattern  nulls  or 
extremely  low  sidelobes  over  wide  bundvvidths  will  tequire  advances  well  beyond  the 
techniques  described  in  this  survey,  and  will  be  a  major  stimulus  to  array  tech¬ 
nology  for  a  number  of  years. 

4.1  Current  Tpchnologv  for  Radar  Arrays 

Antenna  arrays  for  strategic  radars  have  reached  an  advanced  state  of  maturity. 
For  example,  the  PAVE  PAWS  radar  system  has  a  solid  state  l  IIP  array  shown 
under  construction  in  Figure  27.  Each  of  the  two  array  faces  contains  2677  antenna 
elements,  with  1  792  active-  elonu  uts  and  865  dummy  elements  occupying  the  filled 
aperture  of  approximately  7  2.  5 -ft  diameter.  Each  face  transmits  585  k\\  peak  and 
145  k\V  averagi  power. 


Tactical  radars  face  the  more  severe  demands  implied  by  transportability  and 
'erformance  in  a  hostile  environment,  and  yet  they  must  be  inexpensive,  because 
the  need  to  field  a  relatively  large  number  of  each  type.  One  example  of  current 
tactical  radar  technology  is  the  Patriot  array  (Figure  28),  a  space  fed  C-band  array 

i  1 1 9 

of  5161  elements  that  has  separate  transmit  and  receive  pencil  beam  feeds.  ’ 

The  radar  is  a  mobile  multifunction  radar  developed  by  Raytheon  Corporation.  In 
addition  to  the  main  array  radar,  the  system  also  includes  five  sidelobe  canceller 
arrays. 

The  Firefinder  system  includes  the  AN/TPQ-37  artillary  locating  radar  and 
the  smaller  AN/TPQ-36  mortar  locating  radar.  Both  radars  scan  90°  sectors  in 
the  azimuth  plane.  The  AN/TPQ-36  tracks  in  azimuth  and  elevation  by  sequential 
tobing  using  ferrite  phase  shifters  for  azimuth  scan  and  frequency  dispersive  slot 
arrays  for  a  few  degrees  of  elevation  scan.  The  AN/TRQ-37  uses  monopulse  track¬ 
ing  with  diode  phase  controls  for  scan  in  azimuth  and  a  few  degrees  of  elevation. 


119.  Barton,  D.K.  (1978)  Radar  technology  for  the  1980's,  Microwave  Journal. 
21(No.  1 1 ) :  8 1  -  86 . 
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vertical  beamwidth  to  be  varied  as  a  function  of  elevation  angle,  while  azimuth 
rotation  is  at  6  and  12  rpm.  The  row  feed  is  a  lightweight  single  layer  stripline 
circuit.  The  antenna  is  30  ft  by  15  ft,  has  a  transmit  gain  of  38.  9  dB,  an  average 
duty  cycle  of  18  percent,  and  sidelobe  levels  less  than  -25  dB. 

A  major  antenna  development  for  shipboard  radar  is  the  Navy's  Aegis  program 
with  its  AN/SPY-  1A  radar,  a  four-faced  C-band  phased  array  system.  Each  array 
has  4480  elements  fed  by  a  waveguide  power  divider  system.  Transmitting  and 
receiving  functions  utilize  different  array  illuminations  and  subarrays.  The  illumi¬ 
nation  is  uniform  on  transmit.  A  modified  circular  Taylor  distribution  is  used  on 
receive  for  the  monpulse  reference  channel  with  a  modified  Bayliss  for  azimuth 
and  elevation  error  channels.  The  array  is  divided  into  basic  modules,  each  con¬ 
taining  32  radiating  elements.  Two  modules  constitute  a  receiving  subarray,  and 
four  modules  make  up  a  transmitting  subarray.  The  extensive  use  of  suburnying 
is  for  the  purpose  of  array  organization,  fabrication,  and  to  accommodate  high 
power  amplifiers  in  the  transmit  network.  Phase  shifters  are  used  at  element  and 
array  level  and  there  are  no  lime  delay  units. 


figure  29.  Elect  ronirally  \gih-  H.td.ti  (KAH)  \ri.>\ 
(Courtesy  of  U  rstinghouse  l  orpor.it ion) 
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Figure  30.  TPS-59  Array  (Courtesy  of  General  Electric  Co.  ) 


The  demands  imposed  by  electronic  countermeasures  in  military  systems  are 
leading  to  antenna  systems  with  much  lower  sidelobes.  The  Air  Force  AW  ACS 
antenna  system,  an  early  warning  surveillance  system,  was  the  first  development 
to  address  this  need.  In  addition,  the  Ultra  Low  Sidelobe  Antenna  (L  LSA)  system 
for  the  TPS-43  Search  Radar  (Figure  31)  and  the  Army  llawk  antenna  system  are  all 
examples  of  antennas  that  scan  in  the  vertical  plane  and  maintain  extremely  low 
sidelobes  in  the  azimuth  plane.  Designed  bv  Westinghouse  Corporation,  these  arrays 
use  slotted  waveguide  row  radiators  and  have  multiple  or  scanned  elevation  beams. 

Other  low  sidelobe  arrays  have  been  developed  using  precision  stripline  feeds 
for  wider  band  performance.  101  ’  1‘'°  Like  the  slot  array  geometries,  those 

antennas  arc  mechanically  rotated  in  the  azimuth  plane,  and  rely  on  ultra  precise 
row  distribution  networks  for  low  azimuth  sidelobes.  Elevation  coverage  is  pro¬ 
vided  electronically,  but  with  substantially  highi  r  elevation  plane  sidelobes. 

120.  Dahl,  C.G.,  Fogelstrom,  C.E.,  Gansz,  U.U.,  and  Merril,  P.  R.  (1979) 
Low-sidelobe  tactical  radar  antenna.  The  1979  Antenna  Applications 
Symposium,  L’niv.  of  Illinois,  Urbana,  Illinois. 


Figure  31.  Ultra  Low 
Sidelobe  Array  (ULSA) 
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A  recent  paper  by  Tsandoulas  describes  the  development  of  an  array  of 
252  waveguide  elements  arranged  in  42  vertical  columns  and  scanned  in  the  azimuth 
plane.  Through  careful  tolerance  control  in  the  power  division  network  and  ex¬ 
tremely  accurate  phase  shifters  (see  Section  3)  the  array  achieved  azimuth  scan 
patterns  with  all  but  the  first  sidelobe  below  -42  dB.  This  significant  development 
represents  t ho  lowest  scan  plane  sidelobes  achieved  to  date. 

4.2  (ionforiniil  and  Ih'iiiisplirriciil  (.incriigc  \rra\s 

The  need  for  conformal  or  low  profile  arrays  for  aircraft  and  missile  applica¬ 
tions,  and  for  ground  based  arrays  with  560°  azimuth  coverage  or  hemispherical 
coverage,  has  grown  continually  with  requirements  that  emphasize  maximum  utiliza¬ 
tion  of  available  space  and  minimum  cost. 

The  earliest  and  continuing  stimulus  for  cylindrical  and  circular  array  develop¬ 
ment  is  the  need  for  inexpensive  systems  with  mechanical  or  electronic  scanning 
having  constant  gain  throughout  the  360°  coverage  sector.  There  ire  also  a  number 
of  spacecraft  and  aircraft  applications  requiring  low  profile  or  conformal  arrays. 
Cylindrical  conformal  arrays  have  been  built  for  do  spun  radiation  from  spinning 
missiles,  and  for  omnidirectional  coverage  in  the  plane  perpendicular  to  the  missile 
axis.  Major  developments  have  been  made  in  arrays  conformal  to  missile  and  air¬ 
craft  nose  cones.  Requirements  for  flush-mounted  or  low  profile  aircraft  antennas 
for  satellite  communication  have  been  a  new  stimulus  for  the  development  of  arrays 
th  >t  scan  over  very  wide  angles  to  provide  coverages  from  zenith  to  horizon.  These 
and  other  application^  have  produced  a  body  of  work  that  was  the  primary  subject 
of  two  conferences,  numerous  sessions  at  technical  symposia  and  a  Special  Issue  of 
the  1KBK/AR-S  Transactions.  “* 
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Several  editorial  references  and  surveys  that  summarized  the  state  of  the  art 

21 

as  ox  1974  pointed  out  directions  for  ongoing  research.  Kummer  listed  signifi¬ 
cant  features  that  distinguish  the  scanning  behavior  of  conformal  and  planar  arrays. 

Array  elements  on  curved  bodies  point  in  different  directions,  and  so  it  is 
usually  necessary  to  turn  off  those  elements  that  radiate  primarily  away  from  the 
desired  direction  of  radiation.  Moreover  one  cannot  factor  an  element  pattern  out 
of  the  total  radiation  pattern  and  so  conformal  array  synthesis  is  very  difficult. 
Mutual  coupling  problems  can  be  severe  and  difficult  to  analyze  because  of  the 
extreme  asymmetry  of  structures  such  as  cones  and  because  of  multiple  coupling 
paths  between  elements  (for  example  the  clockwise  and  counterclockwise  paths  be¬ 
tween  tw'o  elements  on  a  cylinder).  Cross  polarization  effects  arise  because  of  the 
different  pointing  directions  for  elements  on  curved  surfaces  causing  the  polariza¬ 
tion  vector  projections  to  be  nenaligned.  In  addition  there  is  a  need  to  use  different 
collimating  phase  shifts  in  the  azimuth  plane  of  a  cylindrical  array  scanned  in  eleva¬ 
tion  due  to  the  fact  that  steering  in  azimuth  and  elevation  planes  is  not  separate*, 
Another  phenomenon  related  to  mutual  coupling  is  the  evidence  of  ripples  on  the 
element  patterns  of  cylindrical  arrays.  This  phenomenon  can  be  explained  in  terms 
of  creeping  wave  contributions. 

There  is  a  vast  literature  and  history  of  circular  and  cylindrical  array  develop- 
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ments,  many  of  which  arc  described  in  standard  texts,  1  and  so  will  not  be  dc- 

122 

tailed  here.  Provencher  lists  a  number  of  techniques  for  feeding  circular  arrays 
including  mechanical  or  electronic  switching,  lens-switch  combinations,  and  hybrid 
matrix  phase  shifter  combinations.  Electronic  switching  schemes  use  a  bank  of 
switches  to  bring  a  given  illumination  taper  to  one  sector  of  the  array  (usually  a 
90°  to  120°  arc),  and  a  set  of  switches  tv)  provide  fine  beam  steering  between  those 
characteristic  positions  determined  by  the  sector  switching  network. 

Several  more  sophisticated  tvpes  of  electronic  switches  for  circular  arrays  are 
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based  on  a  concept  originally  proposed  by  Shelton  and  developed  by  Slicleg  that 
uses  a  matrix  fed  circular  array  with  fixed  phase  shifters  to  excite  current  modes 
around  the  array,  while  variable  phase  shifters  provide  continuous  scanning  of  the 


121.  Tillman,  J.T.,  Jr,  (1968)  The  Theory  and  Design  of  Circular  Array  Antennas, 

I'niv,  Tennessee  Engineering  Experiment  Station  Kept, 

122.  l’roveneher,  .1,11.  (1972)  A  survey  of  circular  symmetric  arrays,  in  Phased 

Array  Antennas,  A,  (timer  and  (i,  Knittel,  lids,,  A  rteeli  House,  Inc., 
Dedham,  Mas  sa  elm  setts, 

124.  Shelton,  P.  (1965)  Application  of  hybrid  matrices  to  various  multimode  and 
multibeam  antenna  systems,  in  IEEE  Washington  Chapter  P(i  \1‘  Meeting, 

124.  Sheleg,  B.  (1968)  A  matrix-fed  circular  trrav  for  continuous  scanning. 
IEEEProc.,  56 (No.  1  l):20;6-2027. 
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radiated  beam  over  360°.  The  geometry  is  shov. n  in  Figure  32.  A  more  recent 
extension  of  this  technique  proposed  by  Skahil  and  Whitc'^  excites  onlv  that  pari 
of  the  circular  array  that  contributes  to  formation  of  the  desired  radiation  pattern. 
The  array  is  divided  into  a  number  of  equal  sectors  and  each  sector  is  excited  by 
a  Butler  matrix  and  phase  shifters.  With  either  of  these  circuits,  sidelobe  levels 
can  be  lowered  by  weighting  the  input  excitations  to  the  Butler  matrix.  The  tech¬ 
nique  of  Skahil  and  White  was  demonstrated  by  using  an  8  8  Butler  matrix  and 

8  phase  shifters  to  feed  four  8-element  sectors  of  a  32-e.cment  array.  The  design 
sidelobes  were  -24  dB  and  measured  data  showed  sidelebes  below  -22  dB. 


Figure  32.  Schematic  Diagram  of  a  Scanning 
Multimode  Array  Network  (after  She  leg  123) 


The  radiating  properties  of  circular  arrays  have  also  been  the  subject  of  more 
detailed  studies  than  other  conformal  arrays.  It  has  long  been  known  that  cylindrical 
array  problems  can  be  analyzed  by  use  of  the  symmetry  properties  of  the  array. 


125.  Skahil,  G.  ,  and  White,  W.  1).  (1975)  A  new  technique  for  feeding  a  cylindrical 
array,  IEEE  Trans.  ,  AP- 1 3:253-256. 
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By  this  means  one  can  avoid  the  solution  of  N  simultaneous-  integral  equations  for 

an  N-clement  circular  array  and  instead  solve  N  independent  in+egral  equations, 

one  for  each  of  the  solutions  with  periodicity  2 u j  N .  Superposition  of  these  N 

solutions  yields  the  complete  array  solution  lor  any  given  excitation.  This  method 

\  9 1  1  26 

has  been  used  by  Tillman  “  and  Alack  “  for  dipole  and  monopole  arrays,  and 

127 

more  recently  bv  Borgiotti  for  waveguide  arrays  with  active  elements  covering 
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a  sector  on  an  infinite  cylinder.  The  results  of  these  and  other  ’  theoretical 
studies  have  revealed  distinct  differences  between  the  element  patterns  of  radiators 
in  cylindrical  and  planar  arrays.  The  main  distinction  is  the  existence  of  poten¬ 
tially  severe  ripples  in  cylindrical  array  element  patterns  as  shown  in  Figure  33. 
Sureau  and  llessell*  have  used  asymptotic  methods  to  show  that  the  actual 
radiated  pattern  can  be  considered  the  superposition  ol  a  space  wave  contribution 
and  sever'd  creeping  waves  which  pr  ipagate  around  the  cylinder  and  radiate  away 
from  the  cylinder  in  the  forward  direction.  The  space  wave  and  actual  patterns  are 
shown  in  the  figure  for  radiation  at  two  different  angles  0  measured  from  the  cylin¬ 
der  axis.  These  ripples  tend  to  decrease  with  cylinder  radius  and  to  increase  with 
frequency.  This  feature  may  ultimately  limit  the  synthesis  possibilities  with 
cylindrical  arrays,  and  may  also  reduce  the  potential  for  broadband  null  steering 
with  adaptive  systems.  Recent  work'0*  has  shown  that  smoother  element  patterns 
can  be  obtained  by  limiting  element  spacing  to  less  than  A  2. 
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Elements  on  more  generally  shaped  structures  including  cones  '  *  and 
1 34 

spheres  have  been  analyzed  by  a  number  of  authors,  and  the  use  of  asymptotic 
techniques  like  the  Geometric  Theory  of  Diffraction  have  made  it  possible  to  ana¬ 
lyze  fully  generalized  surfaces*****’  1  J.  The  recent  development  of  a  ray  tech¬ 
nique*'^’  *'*"  called  the  Periodic  Structure'  Ray  Method  has  shown  promise  in  the 
analysis  of  mutual  coupling  effects  in  large  concave  arrays. 

One  of  the  more  persistent  problems  is  the  need  for  flush-mounted  or  low  pro¬ 
file  aircraft  arrays  for  satellite  communication.  Military  requirements  for  such 
arrays  at  S11F  and  EUF  frequencies  dictate  high  array  gain  and  unusually  large 
coverage  regions  including  the  entire  upper  hemisphere  for  some  applications. 

Figure  34  shows  several  of  the  array  configurations  that  have  been  considered 
for  this  application.  The  most  obvious  solution  is  to  simply  use  a  single  planar 
array  at  the  top  of  the  aircraft  fuselage,  but  this  requires  the  antenna  to  scan  to 
endfire  and  hence  to  incur  tosses  as  described  in  Section  2.  Equation  (69)  gives  the 
ratio  of  endfire  array  gain  to  broadside  gain  for  an  array  of  isotropic  radiators. 

This  gain  is  modified  to  account  for  the  element  patterns  of  the  basic  radiators. 

For-  circularly  polarized  radiation  there  is  an  additional  6  dB  loss  near  the  horizon 


(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 
See  References,  page  115.) 
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Figure  33.  Element  Gain  Function 
for  Array  on  a  Cylinder  (after 
Sureau  and  Hessel1^) 


ELEMENT  GAIN  FUNCTION;  kfQ  -  185.  c/f  »  0.6 


due  to  polarization  mismatch,  and  additional  loss  due  to  mutual  coupling  effects. 

Gain  reductions  exceeding  10  dB  at  the  horizon  are  not  uncommon  for  this  design. 

One  of  the  first  studies  of  scan  matching  is  the  development  bv  Borgiotti  and 
1  28 

Balzano,  which  gives  analytical  results  for  an  array  of  circular  apertures  on  a 
cylinder.  The  array  length  is  infinite  along  the  cylinder  axis,  and  the  array  ele¬ 
ments  are  disposed  completely  around  the  circumference  of  the  cylinder,  but  only 
the  elements  occupying  a  given  sector  of  the  cylinder  are  excited. 

Borgiotti  and  Balzano  describe  the  phenomenon  of  scanning  on  a  cylinder,  and 
present  results  for  the  array  matched  at  80°  from  zenith.  Their  circumferential 
plane  data  shows  that  axial  polarization  gain  degradation  at  the  horizon  is  so  large 
that  virtually  no  amount  of  scan  matching  can  improve  it.  The  circumferential 
polarization  radiation  in  the  circumferential  plane  shows  approximately  13  (IB  hori¬ 
zon  gain  reduction  for  standard  equiphase  matching  of  the  array,  but  matching  the 
array  at  80°  can  increase  the  horizon  gain  about  2  dB  while  reducing  the  zenith 
gain  by  2  to  3  dB.  The  result  of  this  scan  matching  procedure  is  to  produce  more 
uniform  coverage  over  the  hemisphere,  yet  it  does  not  greatly  improve  array 
efficiency. 

Figure  35  shows  the  scan  d:  ta  for  an  array  of  313  elements  on  a  cylinder  of  radiu 
H.6A.  The  graph  indicates  that  the  best  scan  conditions  for  this  array  give  3  dB 
ioss  at  zenith,  and  a  total  of  11  dB  loss  at  the  horizon.  These  theoretical  data  were 
confirmed  in  a  later  experimental  study  by  Balzano1''1*  using  a  simil  if  array  geom¬ 
etry.  The  predicted  bandwidth  for  the  technique  is  10  percent. 

138.  Balzano,  Q.  (107  2)  Investigation  of  the  Element  Pattern  in  Cy  lindrical  Phased 
Arrays  of  Circular  Vt  aveguides,  JVl  VKl .- G -0232,  All  742327. 
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Figure  34.  Configurations 
for  SHF  Airborne  SATCOM 
Terminal  Arrays 
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Figure  35.  Gain  vs  Scan 
Contour  for  Array  on 
Cylinder  (after  HorgiotU 
and  lialzano‘“") 
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Tin-  low  profile-  ar  ay  subsystem  (figure  .'16)  (leva  loped  by  ll.izcltine  Corpora¬ 
tion  provides  hemispherical  .-overage  for  a:  lrborm-  satellite  communication  ter¬ 
minal,  the  SKSAST  (Small  Sill-  /  Kill  Airborne  S.-VJT  ( >JU  Terminal  I  by  combination 
of  mechanical  r  station  in  azimuth  and  electronic  scanning  in  elevation. 


I  -  igure  hi.  Low  Profile  \  it  for  Mechanic,!  electronic 
! h-nii .'phi- ric  Sc.i n  imi, i-ti-sy  of  \.  Kelly,  Ha/eltine  Corp,  I 

Since  the  irra\  is  only  scar.iii  ■!  elect ronii.  illy  :n  elevation,  it  uses  only  a  frac¬ 
tion  if  *  In-  phase  shifters  required  in  .  t'i  l!y  phased  array,  1!  is  therefore  more 
c  o  s  t  -  e  l  1  e  c  t  i  \  e  than  a  fully  phased  ,.  rra\  , 

Thearr.is  provides  full  duplex  -iper  a  ion  over  tile  SHI  terminal  bands  of  J5 
to  i.  75  (ill/  (receive*  mil  .  ,  h()  i o  .  10  ( III  '  runs m it ),  II  consists  of  21  rows  win.  h 
ire  indmdu.tlh  phased  to  sin  r  Hie  beam  li  elevation.  K.u-h  row  comprises  .iil  slot.-, 
providing  a  narrow  azimuth  beam,  l\e\  features  of  tins  design  are: 

•  \  <  I  i<  lee*  -1  I  tl  ■  I  e  to  ]  r,  w  ill  A  •  Ill  1  < 

impedance  mat  clung. 


Q  Delay  progression  along  the  aperture  to  delay  steer  the  quiescent 
beam  to  60°  above  the  horizon.  This  results  in  minimal  frequency 
scan  losses  at  the  s'can  extremes  (0°  and  00°). 

<©  Independent  ferrite  phase  shifters  for  receive  and  transmit. 

#  Compact  low-loss  radial  power  dividers  to  provide  the 
21-way  power  split. 

•  A  computer-designated  fairing  to  minimize  diffraction  loss  at 
the  horizon. 

Two  other  configurations  using  fixed  arrays  have  also  been  the  subject  of  re¬ 
cent  studies.  Figure  34B  shows  a  conformal  microstrip  array  mounted  on  the  side 
of  an  aircraft  fuselage,  and  Figure  34C  shows  four  array  faces  mounted  at  the  top 
of  the  aircraft  fuselage  in  a  streamlined  "tent"  configuration.  These  two  configura¬ 
tions  have  application  to  the  satellite  communication  problem,  and  are  the  subject 
of  current  developnn  nt  programs  to  evaluate  their  utility.  In  both  cases,  the  array 
is  tilted  to  gain  some  projection  in  the  vertical  dimension.  If  the  two  side  arrays 
were  tilted  45°  from  the  vertical  and  could  he  perfectly  matched  they  would  illu¬ 
minate  most  of  the  upper  hemisphere  with  gain  within  -6  dll  of  peak  except  for  an 
area  where  the  gain  drops  to  about  -V.  a  djj  near  the  cylinder  axis.  Additional 
factors  that  further  reduce  this  coverage  are  the  ioss  of  the  axial  polarization  near 
the  cylinder  axis  and  mutual  coupling  buildup. 

Adding  front  and  rear  faces,  perhaps  with  less  gain  and  a  more  nearly  vertical 
orientation  as  shown,  can  provide  good  pattern  coverage  with  circular  polarization 
over  the  hemisphere  in  the  "tent"  configuration  while  maintaining  a  streamlined 

profile.  Detailed  pattern  calculations  for  an  array  of  this  type  have  been  carried 
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ou.  using  geometrical  optics  following  the  work  of  Kouyoumjian  and  Puthak. 

Figure  37  snows  me  computed  peak  gain  for  both  polarizations  using  a  small  tent¬ 
shaped  array  mounted  at  45°  on  the  top  of  a  large  cylinder.  The  indicated  pattern 
ripples  are  the  result  of  specular  multipath  from  the  cylinder  surface,  and  the  fig¬ 
ure  shows  that  these  do  not  materially  after  the  elevation  plane  coverage  of  the  array. 

One  of  the  more  promising  recent  innovations  in  wide  angle  scanning  is  the 
14  1 

Dome  antenna.  *  This  novel  structure  uses  the  vertical  projection  of  the  dome  to 
achieve  increased  gain  at  low  angles  of  elevation.  The  basic  antenna,  shown  in 
Figure  38,  has  a  passive  spherical  lens  made  up  of  fixed  phase  shifters,  and  a 

139.  Mailloux,  R.  J.  ,  ?nd  Mavroides,  W.G.  (1979)  Hemispherical  Coverage  of 
Four-faced  Aircraft  Arrays,  RADC-T  R-79-176,  NT1S  No.  AD  A073079. 

14U.  Kouyoumjian,  R.  G.  ,  and  Pathak,  P.  11.  ( 1974)  A  uniform  geometrical  theory 
of  diffraction  for  an  edge  in  a  perfectly  conducting  surface,  Proc.  ol  the 
IEEE,  62:1448-1461. 
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141.  Schwa rtzm an,  L.  ,  and  Sta.igel,  J.  (1975)  The  dome  antenna,  Microwave 
Journal,  )8{No.  10):3l-34. 

W* 


83 


conventional  planar  phased  array.  As  shown  in  l-'igure  39,  the  array  steers  an 
illuminated  spot  to  various  portions  of  the  lens,  and  the  fixed  phase  delays  of  the 
lens  are  computed  so  as  to  convert  the  array  scan  directions  (1  into  a  factor  K 
times  that  ingle  and  so  to  obtain  scan  in  excess  of  the  planar  array  scan  angle. 

Analysis  of  the  dome  and  phase  shifter  settings  are  done  by  ray  tracing.  Tile 
array  phase  shifter  settings  ire  determined  to  form  the  non-linear  phase  progres¬ 
sion  required  to  scan  the  searchlight  type  beam  to  various  spots  on  the  lens.  Al¬ 
though  the  radiated  beamwidth  varies  with  scan  angle,  the  Dome  can  achieve  scanning 

over  sectors  larger  than  a  hemisphere,  and  in  fact  has  achieved  scan  to  ±  120  de- 
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greos  from  zenith.  Steyskul  “  gives  equations  for  the  gam  limits  of  a  given  circu¬ 
lar  cylindrical  dome  based  upon  allowable  scan  angles  for  the  feed  array,  and  shows 
that  the  ratio  of  the  average  gain  to  the  broadside  feed  array  gain  is  bounded  by  a 
parameter  that  depends  upon  the  feed  array  scan  limit. 


Figure  37.  Multipath  Effects  on  Four  Face  Array  Over 
Cylinder 


142.  Steyskal,  H.  ,  Hessel,  A.,  and  Shmoys,  J.  ( 1 979)  On  the  gain-versus-scan 

trade-offs  and  the  phase  gradient  synthesis  for  a  cylindrical  dome  antenna, 
IEEE  Trans.,  AP-27: 825-8.3  1 . 
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Figure  38.  The  Dome  Antenna  Array  (Courtesy  of 
Sperry  Corporation) 


®'*«S 


Figure  39.  Collimation  by  Dome  Array 

Depending  upon  specific  design  criteria,  it  is  possible  to  select  a  lens /array 

14  1 

configuration  that  emphasizes  endfire  radiation.  Schwartzman  and  Stangel 
illustrate  several  possible  gain/scan  profiles  for  a  dome  lens.  One  design  measured 
at  5.  4  GHz  has  about  20  dB  gain  at  zenith,  peak  gain  in  excess  of  26  dll  at  65°  from 
zenith,  and  24  dB  at  the  horizon.  These  data  highlight  the  possibility  of  obtaining 
substantial  gain  at  the  horizon.  The  array  feed  for  this  lens  has  a  diameter  of 
40  in.  ,  and  so  the  array  broadside  directivity  is  approximately  35  dB.  There  is 
substantial  penalty  associated  with  the  improvement  of  coverage  at  90°  and  beyond. 
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but  the  penalty  is  not  nearly  as  severe  as  would  be  incurred  for  a  conventional  array 
scanned  to  endfire. 

4.3  Arrays  and  Hybrid  Scan  Antennas  for  Limited  Sector  Scanning 

A  great  many  applications  require  electronic  beam  scanning  over  small  scan 
sectors,  typically  ±  7°  to  10°.  These  applications  include  fire  control  systems, 
weapons  locators,  air  traffic  control  radars,  microwave  landing  systems,  and 
synchronous  satellite  communications  antenna.  A  major  requirement  for  each  is 
the  need  for  nigh  gain  coupled  with  rapid  electronic  scanning.  Since  the  cost  of  a 
large  conventional  array  would  be  prohibitive  for  most  of  these  systems,  there  has 
developed  a  new  class  of  antenna  technology,  called  limited  scan  antennas.  These 
antennas  compromise  wide  angle  scan  capability  for  reduced  system  cost.  Often 
these  systems  involve  other  compromises,  for  they  have  few  controls  as  compared 
with  conventional  arrays,  and  are  limited  in  the  quality  of  pattern  that  can  be  main¬ 
tained  as  a  function  of  scan.  Thus  sidelobe  degration,  gain  fall  off,  and  narrow 
bandwidth  are  also  likely  consequences  of  scanning  this  class  of  antenna;  but  with 
all  these  limitations  the  cost  advantages  of  limited  scan  antennas  has  made  them  a 
fruitful  and  growing  area  of  array  technology. 

A  special  class  of  limited  scan  antennas  is  called  'hybrid  scan"  systems  and 
consists  of  an  electronically  scanned  array  combined  with  a  radiating  aperture, 
which  will  be  referred  to  as  the  objective  aperture.  The  hybrid  system  may  also 
include  another  structure,  perhaps  a  second  lens,  multiple  beam  matrix,  or  sub¬ 
reflector.  Systems  of  arrays  with  mechanically  scanned  reflectors  or  lenses  are 
excluded  from  this  description. 

A  number  of  research  and  development  programs  have  investigated  antennas 
for  limited  sector  scan,  and  have  developed  guidelines  for  design  and  means  of 
comparing  various  antenna  types.  Some  of  the  parameters  that  can  be  determined 
from  the  gain  and  scan  sector  are  the  size  of  the  radiating  aperture,  the  number  of 
required  control  elements,  and  the  bandwidth.  This  section  will  describe  principles 
that  determine  these  system  characteristics. 

For  any  array  or  hybrid  system  there  is  a  minimum  number  of  controls  re¬ 
quired  for  scan  over  a  given  scan  volume,  and  that  number  is  approximately  the 
number  of  beamwidths  within  the  scan  volun.e.  Awareness  of  this  criterion  allows 
the  designer  to  optimize  various  antenna  parameters,  to  minimize  system  cost  or 
the  size  of  the  array  or  final  aperture,  or  to  reduce  the  radiated  sidelobes.  A 

measure  of  the  minimum  number  of  array  elements  is  contained  in  the  definition  of 

143 

a  parameter  introduced  by  Patton  and  called  element  use  factor".  This 

143.  Patton,  W.T.  ( 197  2)  Limited  scan  arrays,  in  Phased  Array  Antennas  Pro¬ 
ceedings  of  the  1970  Phased  Array  Antenna  Symp.  :332-3~4.?,  Qliner,  A.  A.  , 
and  Kmttel,  G.H.,  Kds.  ,  Artech  House,  Inc.  ,  Dedham,  Massachusetts. 
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parameter  is  N/N  .  where  N  is  the  actual  number  of  phase  shifters  in  the  cont'  --1 
1  min 

array,  and  N  is  the  minimum  number  of  control  elements.  Patton  defined  this 
-  min 

minimum  for  an  array  scanning  in  one  plane  as  one  of  the  factors  m  the  expression 
below.  The  expression  given  is  for  a  rectangular  array  with  a  rectangular  scan 
sector. 


(78) 


/ 1 \  /2) 

9  and  9  are  the  maximum  scan  angles  in  the  two  planes  measured  at 

max  max  ^ 

the  peak  of  each  beam  and  9  ^  and  9  ^  are  the  half-power  beamwidths  in  these 
planes. 

Several  authors  have  given  derivations  of  similar  minimum  criteria,  notably 
144  145 

Stangel  and  Borgiotti.  The  analysis  given  here  is  intended  only  to  develop 

some  insight  into  the  condition  and  its  implications. 

If  one  considers  an  aperture  m  one  plane  with  overall  length  D  and  chooses  to 

develop  a  method  for  synthesizing  a  desired  radiation  pattern  within  the  angular 

sector  -u  <  u  <  u  ,  one  can  achieve  that  svnthesis  bv  constructing  the  pattern 
max  max 

from  a  finite  sequence  of  orthogonal  beams.  If  the  array  of  length  D,  consisting 
of  N  elements  spaced  d  apart  has  its  nth  element  excited  by  the  coefficient 
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corresponding  to  r  point  u.  in  cos  t)  space,  the  resulting  far  field  pattern  is  given  by 
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where  g(1(u)  is  the  element  pattern. 

This  rnd'utiou  pattern  has  the  special  ehareri.stic  that  it  is  one  ot  an  orthogonal 

set  of  pencil  beams  (g.g  ')  5,  if  the  uiter-beam  spacing  u  is  chosen  such  that 
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144,  Stangel,  .1.  (  1 1  >7 -4 )  A  basic  'heorem  i  oncoming  ihe  I'lt-i  lMimr  scanning  i  apnhili 

ties  of  antennas.  1'HSl  Commission  \  I .  Spring  Meeting,  11  .  unc  1.  74, 

145,  Borgiotti,  G.  \  ,  (1!‘75>  Uogrees  o!  freedom  of  ail  aiUmina  scauir-d  m  a  lmuled 

Sei  tor.  IKKBG-Al.  International  Svinp.  :  4  l’1  -  220. 


in  addition  to  orthogonality,  the  beams  have  the  characteristic  that  the  beam 
with  index  1  has  its  maximum  at  u^,  and  has  zero  at  any  other  value  ir  for  j  within 
the  set  defined  above.  Thus  it  is  possible  to  synthesize  a  shaped  beam  pattern 


(82) 


by  matching  the  value  of  the  ith  beam  to  the  desired  pattern  at  the  angle  de¬ 
noted  by  u.  -  sinOj.  Since  only  one  beam  has  a  non-zero  value  for  a  particular 
choice  of  i,  the  synthesis  is  performed  by  exactly  matching  the  required  pattern  at 
N  points,  with  N  constituent  beams  of  the  orthogonal  set.  This  type  of  synthesis 

was  developed  by  Woodward  and  Lawson,  1  ^  and  is  described  in  some  detail  in  a 
147 

number  of  texts.  for  an  aperture  of  electrical  length  D/A,  N  beams  will  fill  a 
sector  of  width  (N  -  1)  A/D  in  sin  0  space,  A  given  shaped  pattern  within  this  sector 
can  thus  be  matched  at  N  points  by  N  separate  controls,  assuming  a  network  that 
can  switch  between  the  various  beams.  Thus  the  minimum  number  of  controls  re¬ 
quired  to  form  or  scan  a  beam  within  the  given  sector  is  equal  to  the  number  of 
pencil  beams  within  the  sector,  which  is  essentially  a  restatement  of  Eq.  (78). 

Another  convenient  form  of  Eq.  (18)  that  is  particularly  applicable  to  arrays  of 
large  elements  or  subarrays  is  derived  below. 

The  outermost  beam  of  the  set  has  its  peak  value  at: 
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and  the  phase  progression  between  elements  for  this  beam  is 


(83) 


A  7T  (1  -  1)  . 


(81) 


There  can  be  no  beam  with  sin  fl  larger  than  this,  because  if  there  were  it  would 
have  a  grating  lobe  that  would  be  of  significant  size  and  would  contribute  to  a  loss 
of  gam  and  pattern  ambiguity.  Equation  (84)  also  implies  a  minimum  number  of 
control  elements  necessary  for  an  array  by  stating  that  the  array  can  be  s  aimed  to 
one  half  a  beam  width  of  the  angle  of  grating  lobe  onset.  For  X  large,  the  array  has 
the  scan  limit 


146.  Woodward,  I*.  W  .  ,  and  Lawson,  ,1,  D.  (HM8)  The  theoretical  precision  with 

which  an  arbitrary  radiation  pattern  may  tie  obtained  froma  source  of  finite 

size,  .1.  NIKE,  !»5,  F 1 : 30  2-370. 
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Hansen,  11,  C.  (lSUifil  Aperture  theory,  m  Microwave  Scanning  Antnn.es,  Sol.  !, 
Chap,  1,  K.  C.  Hansen,  Ed.,  Academic  Dress,  Tew  S'  < )  r  k . 
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and  the  minimum  number  of  controls  for  large  N  is 


N  .  = 

min 
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This  equation  is  equivalent  to  the  condition  in  a  one-dimensional  version  of  Eq.  (7  8) 
upon  assuming  an  approximate  beamwidth  A/Nd^. 

For  narrow  beams  and  a  rectangular  scan  sector,  the  element  use  factor  can 
be  written  in  the  form 


0.  25  A" 


^min  (d.  sin  9^  )  (d9  sin  0^  ) 
1  ni  ax  2  max 


(87) 


The  nature  of  the  eontiols  implied  bv  the  above  criterion  has  not  been  stated. 
However  one  could  imagine  various  sorts  of  switching  networks  to  access  ports  of 
a  network  that  excites  individual  orthogonal  beams.  The  most  obvious  type  of 
limited  scan  antenna  is  obtained  bv  simply  using  oversize  antenna  elements  or  sub¬ 
arrays  as  shown  in  Figure  40,  and  scanning  these  az  fir  as  possible.  Unfortunately, 
the  use  of  large  elements  implies  the  existence  of  many  grating  lobes  in  real  space, 
and  these  may  represent  significant  sidelobe  energy  unless  some  action  is  taken  to 

suppress  the  sidelobes.  Patton  and  Manw  rreni4u  have  used  randomized  ele- 

1 4  0 

ment  locations  for'  this  purpose  and  Mailloux  has  investigated  the  use  of  higher 
order  aperture  modes  for  grating  lobe  cancellation.  Another  approach  is  to  attempt 
to  synthesize  element  patterns  that  approach  the  ideal"  pattern  shape  of  Figure  40b. 
This  pattern  shape  is  chosen  to  have  a  constant  gain  function  over  the  desired  scan 
range  (the  eos  0  factor  is  neglected  because  of  the  scan  angle  limitation),  and  zero 
gain  outside  of  the  scan  range  for  grating  lobe  supprt  ssion.  For  seen  to  the  maxi¬ 
mum  angle  0  >  0,  the  nearest  grating  lobe  is  at. 

H  max  H  6 


sin  0  =  sin  6 


148.  Manwarren,  T.  K.  ,  Minuti,  A.  K.  .  arid  Farrar,  A.  ( 197 5 )  A  large  -element 
limited  scan  array  with  randon  grating  lobe  levels.  1FKK  AP-S  Int. 

Symp:32  1  -32  1. 

140.  Mailloux,  H.  J,  ,  Xahn,  1..,  Martinez,  T.  ,  and  Forbes,  Cl.  ( 1 97 !0  Crating  lobe 

control  in  limited  scan  arrays,  11, l’.F  Trans.  ,  AP  27:79-85. 
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lum  width  of  the  ideal  element  pattern  that  still  gives  perfect 
ression  is  chosen  so  that  for  a  very  large  array 


=  0.  5  .  (88) 

identical  to  Eq.  (85),  although  that  expression  was  related  to  the 
set  of  orthogonal  beams. 


Unfortunately  it  is  not  possible  to  synthesize  this  ideal  element  pattern  with  an 
element  of  width  d^,  for  one  can  show  that  the  ideal  pattern  requires  an  amplitude 
distribution  (Figure  40C)that  extends  over  a  large  number  of  elements,  and  has 
the  form 

sin  (jx/ d  ) 


One  can  try  to  approach  synthesis  of  an  ideal  element  pattern  only  by  building  a 
network  that  connects  each  input  port  with  a  subarray  of  many  elements.  Since  this 
is  so  for  each  input  port  the  subarrays  overlap  and  can  approximate  the  complex 
distribution  of  Figure  40C.  The.  most  successful  examples  of  overlapped  subarray 
synthesis  to  date  have  been  achieved  using  space  fed  subarrays,  '  and  will  be 
described  later  in  this  section  and  in  Section  4.6,  where  they  are  referred  to  as 

151 

dual  transform  systems.  The  concept  is  described  in  the  review  article  by  Tang, 

who  addresses  mainly  the  application  of  overlapped  subarrays  to  broadband  scanning 

arrays.  Among  the  several  references  to  synthesis  of  overlapped  subarray  net- 

151 

works,  there  is  a  generalized  analytical  study  by  Dufort  and  a  specialized  devel- 
152 

opment  by  Mailloux  of  a  network  for  forming  an  overlapped  subarray  for  over¬ 
size  apertures  excited  with  higher  order  modes  for  limited  sector  scanning. 

One  of  the  earliest  forms  of  limited  scan  hybrid  systems  consists  of  an  army 
used  as  a  transverse  feed  for  a  reflector  (or  lens)  antenna.  The  array  is  located 
a  distance  loss  than  the  focal  length  from  the  reflector  and  so  the  objective  serves 
to  project  the  incoming  received  wavefront  onto  the  array  face,  but  does  not  focus 
it  at  the  array.  The  system  converts  the  incident  wavefront  to  another  nearly 
planar  wavefront  at  the  array,  and  a  tapered  array  distribution  transforms  it  to  a 
more  or  less  equally  tapered  aperture  illumination.  A  key  feature  of  such  systems 
is  that  the  objective  must  be  large  because  the  scanned  array  illuminates  a  spot  that 
moves  across  the  main  aperture  as  a  function  of  scan.  Design  is  usually  based  upon 

the  criterion  that  the  array  aperture  illumination  be  the  complex  conjugate  of  the 

1 53 

received  field  distribution  for  an  incident  plane  wave  (see  Assalv  and  Kicardi 
1 54 

and  Winter  ).  This  places  a  minimum  limit  on  the  size  of  the  array  because  the 
usual  requirement  to  scan  with  phase  only  requires  that  the  array  must  be  outside 
of  the  region  of  nonuniform  fields  near  the  focus.  Beginning  in  the  early  1960's, 
the  use  of  such  a  transverse  feed  was  investigated  by  a  number  of  authors,  and  has 
proven  to  be  one  of  the  more  effective  means  of  providing  limited  sector  scanning 
of  reflector  antennas. 

(Due  to  the  number  of  references  cited  above,  they  wilt  not  be  listed  here. 

See  Keferenees,  page  115,) 
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Winter  described  a  flat  array  feed  for  a  parabola  similar  to  that  shown  in 
Figure  41A  and  achieved  7  beamwidths  of  scan  with  E-planc  sidelobes  approximate¬ 
ly  -15  dB  relative  to  the  main  beam  in  the  E-plane,  and  approximately  -10  dB  in 

155  156 

the  H-plane.  A  more  recent  study  is  described  by  Tang  and  Howell  .  Array 
size,  location,  and  approximate  phasing  are  usually  computed  by  geometrical  optics. 
Tang  gives  an  equation  for  the  percentage  of  blockage  as  a  function  of  reflector 
size,  illuminated  diameter  scan  angle,  and  focal  length,  and  points  out  that  side- 
lobe  ratios  on  the  order  of  -18  dB  for  a  design  of  this  type  can  be  achieved  with 
reasonable  size  reflectors,  but  if  one  insists  on  sidelobes  lower  than  -20  dB  a  much 
larger  main  reflector  must  be  chosen. 


Figure  41  A.  Off-Axis  Parameters 
of  Array- Reflector  Limited 
Scan  System  (Array  Reflector 
Geometry  and  Ray  Trajectories 
at  Scan  Limit) 


The  relevant  geometric  constraints  are  shown  in  Figure  41A  for  a  symmetrical 
(parabolic)  reflector  with  an  array  feed  of  size  2y  .  Two  rays  cross  at  the  top  of 
the  array.  The  lower  ray  at  an  incident  angle  0°  is  reflected  at  v^,  and  passes 
tnrough  the  focus.  The  seco.u  ray  is  incident  at  an  angle  0,  and  after  reflection 
crosses  the  first  ray  path  at  the  array  edge.  The  condition  for  determining  array 
size  ,s  to  choose  the  array  so  that  it  intercepts  all  the  reflected  rays  that  come 
from  the  active  region  on  the  reflector  for  all  up  to  the  maximum  scan  angle.  T  he 
figure  shows  that  the  illuminated  region  must  be  allowed  to  move,  to  fully  utilize 
the  array  for  all  scan  angles.  Choice  of  a  large  y  tends  to  make  the  array  smaller. 
The  resulting  array  size  2_y  is  given  in  terms  of  the  other  reflector  parameters 
and  the  given  scan  angles  as 
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1 55.  Tang,  C.  II.  (1970)  Application  of  Limited  Scan  I  Jo  sign i  for  the  AGll.T  RAC- 16 
Antenna,  20th  Annual  l  SAI-'  Antenna  Research  ana  Development  Symposium 
l  niv.  of  Illinois. 

Howell,  J.  M.  ( 1974)  Limited  scan  antennas,  1EKL  Al*-S,  hit.  Svmp.  Bigot. 
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Figure  41B  shows  the  resulting  normalized  array  size  as  a  function  of  maximum 
scan  angle  9  for  two  effective  focal  length  ratios,  f/2y  ,  =  0.  5  and  1.  0,  and  several 
values  of  the  allowable  spot  motion  ratio  H  =  y  /y^. 
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Figure  41H.  Off-Axis  l’a rumeters  of  Arrav- 
Kefleetor  Limited  Scan  System  (Normalized 
Array  Size  vs  Scan  Angle) 


This  result,  equivalent  to  that  derived  by  Tang  ’  '  can  be  used  lo  estimate  re¬ 
flector  and  array  size  and  location  for  a  given  coverage  sector  and  hence  to  t  valnatc 
gain  reduction  and  sidelobes  due  to  blockage.  In  addition,  it  leads  directly  to  an 
estimate  of  tile  element  use  factor.  \  reflector  scanning  t  rectangular  angular 

sector  9  '  9  radians,  using  effective  aperture  sizes  v  ,  and  v  ,  and  arras  element 

l  -  “  | 

spaeings  a  and  a.,  has  an  element  use  factor  t'.q.  (<ii)|  of: 
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f/2y,  =  1  has  y  ly,  =  0.44  (for  R=  1.8),  and  with  0.  7  A  array  element  spacing  in 
both  planes  the  resulting  element  use  factor  is  3.  28.  The  above  analysis  serves  as 
a  rough  guide  to  estimate  array  size  and  system  performance,  and  demonstrates 
that  single  reflector  and  array  hybrid  systems  require  a  relatively  large  array  and 
an  oversize  reflector.  Hence,  if  they  are  designed  with  on-axis  feeds  they  suffer 
blockage  that  ultimately  limits  their  sidelobe  ratio. 

The  need  for  improved  pattern  performance  has  led  to  offset  array  structures 
with  reduced  aperture  blockage  and  lower  sidelobes.  Notable  among  these  is  the 
Precision  Approach  Radar  antenna  of  the'  l'PX-19  Gt’A  system  shown  in  Figure  42. 


The  antenna  has  1.4°  azimuth  beamwidth  and  0.  75°  elevation  beamividth,  and  scans 
±  9.  5  beamwidths  in  elevation  and  ±  6.  65  beamwidths  in  azimuth.  The  array  uses 
824  phase  shifters,  and  so  has  an  element  use  factor  of  approximately  3.  25.  1'he 
first  sidelobes  are  at  the  -20  dB  level  throughout  r  "'St  of  the  scan  sector,  rising 
to  -18  at  the  limits.  The  system  operates  over  a  i.  ~ent  bandwidth  at  X-band, 
and  has  a  realized  gain  of  approximately  39  dB  at  the  sc^n  limits.  Since  the  main 
reflector  size  is  about  3  X  3.  8  meters  this  corresponds  to  an  aperture  efficiency 
of  approximately  30  percent.  The  low  aperture  efficiency  is  the  result  of  the  illu¬ 
minated  spot  moving  across  the  oversize  reflector  as  a  function  of  scan. 

Equation  (87)  also  reveals  that  if  one  uses  an  objective  lens  or  reflector  for 
magnification,  then  the  element  factor  for  the  feed  array  itself  ean  still  be  unity  if 
the  array  elements  scan  to  their  limit  d/A  sin  9  =  0.  5  in  both  planes.  The  maxi¬ 
mum  scan  angle  of  the  array  example  discussed  earlier  is  approximately: 


(92) 


which  is  24.5°  for  the  example  previously  considered.  Assuming  a  rectangular 
scan  sector  and  rectangular  reflector,  and  0.  7  A  spacing  for  the  array  elements, 
the  element  use  factor  is  computed  by  Eq.  (92)  and  Eq.  (87)  to  be  2.  98,  which  is 
relatively  close  to  the  exact  number  evaluated  from  Eq.  (91).  This  result  is  ob¬ 
tained  without  considering  any  details  of  the  reflector  surface,  and  is  based  only 
upon  the  array  scan  limits,  but  it  illustrates  how  dominant  a  part  is  played  by  these 
purely  geometric  constraints. 

Thus  the  reflector-array  hybrid  system  needs  a  relatively  large  number  of 
phase  controls  because  one  cannot  sean  over  the  extremely  wide  sector  (±  45°  for 
0.  7  A  array  spacing  in  the  example  above)  to  obtain  a  low  clement  use  factor. 
Attempts  to  scan  that  wide  a  range  would  necessarily  mean  inefficient  use  of  the 
main  objective. 

Further  advances  with  reflectors  of  this  type  could  result  from  the  use  of 
special  limited  scan  array  feed  techniques  designed  to  have  an  element  use  factor 
nearer  unity  for  the  narrow  scan  ranges  required  to  steer  a  reflector. 

In  addition  to  transverse  fed  reflector  systems,  it  is  possible  to  develop  ad  ¬ 
vanced  scanning  systems  with  array  fed  lens  structures.  One  such  concept  has  been 

157  158 

proposed  by  Schell  and  recently  implemented  by  McGahan.  The  antenna  uses 

157.  Schell,  A.C.  (1972)  A  limited  sector  scanning  antenna,  IEEE  G-AP  lnt.  Svnip. 

158.  McGahan,  R.  (1975)  A  lens  array  limited  scan  antenna,  IEEE  AP-S,  lnt. 

Syrnp.  :  113-1 16. 
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an  array  disposed  around  a  cylinder  to  scan  a  reflector  or  lens  surface  that  is 
contoured  according  to  an  optimum  scan  condition,  rather  than  a  focusing  condition. 
The  reflector  is  then  stepped  or  the  lens  phase  corrected  to  achieve  focusing.  In 
one  plane  of  scan  the  technique  achieves  an  element  use  factor  of  about  unity,  while 
using  an  oversize  final  aperture  to  allow  motion  of  the  illuminated  spot.  Typical 
aperture  efficiency  is  20-25  percent. 

Figure  43  shows  a  schematic  view  of  an  array-lens  implementation  of  this  con¬ 
cept.  The  array  element  currents  are  equal  in  amplitude  and  have  a  progressive 
phase  given  by  jin  A 9.  The  reflector  surface  (or  lens  back  face)  is  chosen  to  trans¬ 
form  this  phase  variation  into  a  linear  wavefront  normal  to  the  beam  direction. 
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Figure  43.  Scan  Corrected 
Lens  Antenna  (after 
McGahan158) 


In  addition  to  requiring  few-  phase  controls,  tlrs  geometry  can  have  very  low 
sidelobcs  since  the  amplitude  distribution  on  the  array  is  transferred  very  simply 
onto  the  inner  lens  surface.  Theoretical  results  indicate  that  with  perfect  phase 
and  amplitude  control  this  structure  can  have  sidelobes  below  -40  dB. 

Most  single  reflector  or  lens  structures  with  a  phased  array  feed  are  simple 
but  require  a  relatively  large  number  of  phase  controls  and  oversize  apertures. 

Dual  reflector  systems  have  been  developed  for  scanning  over  wider  angles  with 

small,  high  efficiency  primary  apertures.  Several  of  the  more  significant  of  these 

159  160 

studies  were  conducted  by  Fitzgerald  ’  who  investigated  the  scanning 

159.  Fitzgerald,  \V.  D.  (197 1)  Limited  electronic  scanning  with  a  near  field  cassegranian 

system,  LSD-TR-7  1-27  1,  Technical  Report  484,  Lincoln  Laboratory,  AD735661. 

160.  Fitzgerald,  W.  D.  ( 1972)  Limited  electronic  scanning  with  a  near  field  gregorian 

system,  ESD-TR-7  1-272,  Technical  Report  486,  Lincoln  Laboratory. 


properties  of  near  field  Cassegranian  (Figure  44A)and  offset  fed  Gregorian  (Fig- 
ure  44B)  coniocal  paraboloid  configurations.  Both  geometries  could  scan  many 
beamwidths  with  good  efficiency  but  the  off-axis  configuration  exhibited  better  side- 
lobe  performance  because  of  reduced  blockage,  and  required  fewer  phase  shifters 
for  equivalent  scan  with  an  element  use  factor  of  about  2.5.  Optimizing  the  main 
and  subreflector  contours  can  improve  the  scan  characteristics  of  this  system  and 
reduce  the  element  use  factor  to  about  2. 
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Figure  44.  Systems  for  Limited  Sector  Scanning 


More  recent  studies  have  sought  to  increase  the  aperture  efficiency  by  allow¬ 
ing  movement  of  an  illuminated  zone  on  a  sub-aperture  and  to  decrease  element 
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use  factors  by  maximizing  the  phased  array  scan.  MeNee  et  al  performed  a 
theoretical  and  experimental  study  of  a  limited  scan  system  consisting  of  a  main 
reflector,  a  multiple  beam  forming  system,  and  a  phased  array.  Shown  schematic¬ 
ally  in  Figure  44C,  this  concept  has  its  earliest  roots  in  the  subarraving  systems 
to  be  described  in  Section  4.  6,  but  the  geometry  is  very  similar  to  the  Gregorian 
sub-reflector  ancenna  of  Fitzgerald.  The  element  use  factor  is  much  smaller  than 
that  of  Fitzgerald  because  the  array  is  made  to  scan  over  a  wide  angle  in  accord¬ 
ance  with  the  principle  of  Eq.  (91).  The  additional  scan  is  possible  because  the 
feed  lens  is  made  very  large  (approximately  0.65  the  size  of  the  main  reflector) 
compared  to  the  sub-reflectors  of  Fitzgerald  (0.  25  to  0.  350)  and  so  the  structure 
is  considerably  more  bulky.  Analytical  results  for  a  spherical  lens  feed  system 
indicate  that  a  1°  beam  can  be  scanned  over  a  ±  10°  sector  with  sidclobes  at 
-20  dB  and  with  an  element  use  factor  approximately  1.4. 

More  recent  examples  of  dual  reflector  technology  relate  to  satellite  antennas 
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with  limited  sector  coverage.  Bird  et  al  describe  a  dual  reflector  offset 
Cassegrain  system  using  an  array  of  circular  waveguides  as  a  feed.  The  array  is 
excited  in  clusters  so  as  to  match  the  complex  distributions  required  for  reducing 
cross-polarized  components  of  radiation  while  maintaining  good  aperture  efficiency. 
This  theoretical  study  addressed  the  problem  of  forming  individual  beams  for  a 
satellite  system  with  polarization  isolation  between  beams.  Dragonc  and  Gans^f^ 
studied  several  multiple  reflector  systems  for  satellite  communication  including  a 
Gregorian  arrangement  of  offset  confocal  paraboloids  with  a  small  phased  array, 
and  a  three- reflector  offset  system  consisting  of  a  paraboloid  objective,  a  hyper¬ 
boloid  subrefleetor,  a  second  paraboloid  subreflector,  and  an  array  feed.  The 
three- reflector  system  was  then  adapted  to  use  a  quasi-optieal  frequency  diplexer 
and  so  permit  two  separate  array  feeds  to  excite  the  structure  at  12  and  14  GHz. 
These  and  other  new  efforts  addressing  the  needs  of  satellite  systems  show  that 
there  remains  substantial  room  for  innovative  use  of  array  reflector  hybrid  systems. 

Several  dual-lens  configurations  show  promise  of  providing  high  quality  per¬ 
formance  over  limited  angular  sectors.  The  first  is  the  structure  shown  in  Fig- 

104 

ure  44d,  which  was  investigated  by  Tang  and  Winter  using  a  computer  simulation. 
The  array  focuses  a  small  spot  on  the  elliptical  rear  face  of  a  lens  which  transfers 
the  spot  to  a  region  of  the  focal  arc  of  a  final  lens  with  spherical  back  face.  Side- 
lobes  are  at  approximately  the  -16  dB  level  for  ±  10°  scan.  The  aperture  efficiency 
is  about  60  percent,  the  element  use  factor  is  5,  and  although  the  L/D  ratio  is  at 
least  1.  7,  the  main  aperture  diameter  1)  is  small  because  of  its  efficient  illumina¬ 
tion.  Tile  intermediate  lens  is  about  0.  i  the  size  of  the  final  lens. 

165 

A  recent  investigation  by  Borgiotti  included  an  analytical  and  numerical 
evaluation  of  the  dual  transform  antenna  system  of  Figure  45  for  one -dimensional 

(Due  to  the  large  number  of  references  cited  above,  they  will  not  be  listed  here. 

See  References,  page  115.) 
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limited  sector  scan.  This  system  is  similar  to  the  completely  overlapped  sub- 

150 

arraying  system  described  by  Tang  but  in  this  case  there  are  no  control  ele¬ 
ments  in  the  final  aperture.  The  number  of  control  elements  used  is  approximate¬ 
ly  equal  to  the  theoretical  minimum.  The  system  uses  a  hybrid  matrix  and  a 
"bootlace"  lens  with  linear  outer  profile  and  circulai  inner  profile  to  perform  the 

two  spatial  transforms  required  for  subarray  formation.  The  geometry  is  also 

1 6 1 

similar  to  that  studied  by  McNee  et  al,  1  but  with  the  lens  objective  instead  of 
the  reflector.  Borgiotti  presents  a  number  of  design  details  to  facilitate  parameter 
selection. 
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Figure  45.  Overlapped  Subarray  Limited  Sector  Scan  Antenna 
(after  Borgiotti  165) 


Figure  46  shows  a  typical  subarrav  pattern  for  the  example  studied  by  Bor¬ 
giotti  md  the  radiation  pattern  at  broadside.  Notice  that  the  near  sidelobes  are  at 
the  level  given  by  the  array  taper  and  scan  condition,  but  sidelobes  and  grating  lobes 
beyond  the  subarrav  field  of  view  are  substantially  suppressed.  This  illustrates 
the  obvious  advantages  of  subarraying  to  suppress  the  far  sidelobes  associated  with 
phase  shifter  tolerances  or  quantization  errors.  The  array  can  thus  be  scanned  to 
any  point  within  the  subarrav  sector  with  good  radiation  characteristics. 
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Figure  46.  Radiation  Pattern  and  Subarray  Pattern  (dashed)  of  Overlapped 
Subarray  System 

Taken  collectively,  this  class  of  limited  scan  system  constitutes  one  of  the 
major  application  areas  of  phased  array  activity.  Most  of  the  antenna  systems  des¬ 
cribed  here  are  not  yet  compatible  with  the  very  low  sidelobe  requirements  of  future 
military  systems  and  this  remains  a  key  area  for  future  development.  Other  re¬ 
quired  developments  will  include  broadband  operation,  the  use  of  adaptive  feed 
controls  for  null  placement,  and  variable  sidelobe  control  of  hybrid  systems. 

4.4  Wideband  Feeds  for  I ’I  law  Scanned  Arrays 

Section  1  described  the  bandwidth  limitations  of  phase  scanned  arrays  as  being 
particularly  severe  for  large  arrays.  Conventional  subarras  ing  schemes  with  time 
delay  at  the  subarray  level  do  remove  some  of  the  bandwidth  limitation,  but  often 
at  the  expense  of  increased  system  loss  and  high  peak  or  average  sidelobe  levels. 
Two  techniques  for  overcoming  this  limitation  are  introduced  in  the  following  sec- 
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MULTIPLE  BEAM  LENS  FEEDS 


An  alternative  method  of  designing  phased  array  antennas  which  does  not  make 
use  of  variable  time  delay  units  has  been  proposed  by  Rotman  and  Franchi. 

The  concept  was  first  derived  as  a  two-dimensional  lens  configuration  (azimuth  scan 
correction  only)  and  later  extended  to  three  dimensions  (both  azimuth  and  elevation 
scan  correction).  The  basic  idea  is  to  select  one  of  several  beams  in  a  wide-angle 
microwave  lens  antenna  which  would  each  be  properly  focused  to  point  in  different 
directions  in  the  absence  (or  zero  setting)  of  the  phase  shifters.  Each  beam  can 
then  be  scanned  about  its  zero  phase  shift  position  by  means  of  the  phase  shifters 
at  each  radiating  element  in  the  lens,  with  a  greatly  'nhanced  bandwidih 

This  concept  is  illustrated  in  Figure  47  which  shows  four  feed  horns  equally 
spaced  along  the  focal  are  of  a  two-dimensional  microwave  constrained  lens. 

Energy  from  a  transmitter  can  be  directed  to  any  one  of  the  horns  by  means  of  the 
switching  tree.  Each  horn,  in  turn,  will  form  a  beam  in  a  different  azimuth  direc¬ 
tion  for  tlie  zero  phase  shifter  setting.  A  typical  beam  for  the  Mth  horn  is  sketched 
as  the  solid  curve  (Mth  beam).  In  illumination  bv  the  phase  sluiters,  the  beam 
scans  to  either  side  of  its  no  phase  shift  position,  as  illustrated  by  the  dotted  curve 
(phase  scanned  Mth  beam).  The  bandwidth  limitation  imposed  by  this  phase 
scanning  is  given  by  Eq.  (27)  with  the  maximum  scan  angle,  and  N  the  number 
of  beam  positions  (4  for  the  example  in  the  figure).  The  system  bandwidth,  given 
below,  is  wide  because  of  the  limited  scan  angle. 


Af  0.  88  N 

T  (L/A  )  sin  0 

o  o  o 


(93) 


Although  the  illustration  shows  a  two-dimensional  configuration,  Hotman  and 
Franchi  have  also  investigated  various  three-dimensional  antenna  concepts  with 
limited  scanning  in  one  plane  and  wide  angle  scanning  in  the  other.  A  full  three- 
dimensional  multiple  beam  configuration  is  also  possible.  This  antenna  depends 
upon  the  quality  of  focusing  achievable  with  the  various  beams,  as  well  as  internal 
system  reflections.  In  addition  to  potential  low  sidelobe  behavior  it  is  also  possible 
to  perform  null  steering  with  a  system  of  this  type  by  using  available  beams  as 
sidelobe  cancellers,  much  as  lias  been  done  with  fixed  multiple  beam  lens  systems. 


166.  Hotman,  W.  ,  and  Franchi,  P.  ( 1 980)  Cylindrical  microwave  lens  antenna 
wideband  scanning  application,  lnt.  Symp.  Digest,  IEEE  AP-S:5G4-567. 
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4.4.2  SUBARRAY  FEUDS  FOR  WIDE  BANDWIDTH  AND 
PATTERN  CONTROL 

The  various  subarraving  systems  used  for  limited  sector  scanning  can  also  be 
used  with  time  delay  devices  and  phase  shifters  to  form  high  quality  time  delayed 
subarrays  for  broadband  operation.  In  particular  the  use  of  dual  transform  sys¬ 
tems  as  broadband  array  feeds  predates*01’  their  use  as  limited  scan  antennas 
and  may  yet  be  their  most  important  application.  Two -transform  scanning  an¬ 
tennas  are  so  called  because  ttie  applied  excitation  is  subject  to  two  spatial  Fourier 
transforms  that  create  the  aperture  illumination  at  the  face  of  the  phased  array. 

Figure  48  shows  the  basic  dual  transform  configuration.  Antennas  of  this  type 
have  significant  advantages  in  terms  of  scanning  characteristics,  main  aperture 
size,  element  use  factor  (array  size),  and  sidelobe  levels.  The  superior  sidelobe 
characteristics  resuP  from  two  factors,  f  irst,  the  taper  imposed  upon  the  array 
is  translated  to  the  main  aperture  and  so  the  aperture  illumination  can  be  carefully 
controlled.  Second,  the  action  of  the  several  transforms  is  to  form  a  subarray  at 
the  main  aperture,  and  the  subarray  radiation  pattern  provides  further  suppression 

167.  Chen,  M.  H.  ,  nd  Tsatidoulas,  G.  N.  (1974)  A  dual- reflector  optical  feed  for 
wideband  phased  arravs,  IEEE  Trans.,  AP-22:54  1  -545. 


102 


of  certain  sidelobee.  In  addition,  two-transform  systems  possess  convenient 
properties  that  allow  correction  for  surface  tolerance  errors  in  the  objective, 
broadbanding,  null  steering,  and  adaptive  pattern  control  at  the  subarray  levels.  * 


Figure  48.  Overlapped  Subarray  Feed  for  Wideband  \rray 


The  basic  circuit  for  a  space  fed  dual  transform  system  is  illustrated  in  f  ig¬ 
ure  48  using  a  one-dimensional  circular  lens  of  radius  a  and  fixed  time  delays  at 
the  hybrid  matrix  output  for  subarray  collimation.  This  specific  implementation 
was  proposed  by  Borgiotti’^  ’  for  the  subarraving  system  that  scanned  over  a  limited 
spatial  sector  (Section  4.  5),  but  here  the  main  array  has  phase  shifters  to  produce 
a  phase  tilt  that  scans  the  subarray  pattern.  The  feed  is  a  Fourier  transformer  in 
the  form  of  a  hybrid  matrix  or  multiple  beam  lens  whose  purpose  is  to  form  a  group 
of  N  equally  spaced  illumination  functions  (subarray  illuminations)  across  the  main 
irray.  Luch  function  corresponds  to  one  beam  of  the  multiple  beam  feed  and  is 


168.  Mailloux,  H.  J.  (1979)  Subarraving  feeds  for  low  sidelobe  scanned  arrays. 

hit.  Synip.  Digest.  1L1FK  AP-S:30-33. 

169.  Fante.  11.  L.  ( 1980)  Svstems  study  of  overlapped  subarrayed  scanning  .ntennas. 

11  MM  Trans. ,  Al’-2t>:668-679. 

170.  Mailloux,  H.  J.  (1981'  Arras  and  subarray  pattern  control  features  of  sub¬ 

arraving  feeds,  11C FK  Trans. ,  AF-29.-538-544. 
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therefore  controlled  by  an  individual  feed  input  port.  The  main  lens  aperture 
illumination  function  corresponding  to  the  p  th  subarray  is  approximately  the  far- 
field  radiation  pattern  of  the  feed  array  evaluated  at  the  back  of  the  cylindrical  lers, 
and  hence,  is  the  Fourie’-  transform  of  the  field  array  output  illumination.  This 
represents  the  second  transform  of  the  system. 

System  operation  can  be  understood  by  realizing  that  there  are  two  transforms 
within  the  system  and  that  the  resulting  far  field  pattern  is  the  Fourier  transform 
of  the  main  aperture  illumination,  so  there  are  a  total  of  three  transforms  between 
the  input  illumination  and  radiation  pattern.  As  noted  above,  each  port  at  face  A 
excites  one  beam  that  illuminates  face  C,  and  so  excites  a  subarray  with  maximum 
weighting  at  the  beam  peak,  but  extending  across  all  of  face  ('.  Each  subarray 
overlaps  every  other.  Phase  shifters  in  face  C  scan  the  radiated  pattern  of  all  sub¬ 
arrays.  Because  of  the  dual  transform  relationship,  the  subarray  radiation  pattern 
should  be  the  same  as  the  face  B  illumination  apart  from  appropriate  scaling  factors 
and  diffraction  effects. 

One  can  show  that  the  subarray  pattern  is  essentially  zero  outside  of  the  angular 
region  given  by: 

—  <  sin  d  -  ~  sind  -  -  (94) 

a  A  o  a 

o 

and  that  one  can  select  the  parameters  b  and  a  to  suppress  the  grating  lobes  of  the 
steered  array  by  acting  as  a  scanned  angular  filter.  The  subarray  pattern  of  Fig¬ 
ure  49  provides  this  control  which  is  shown  as  a  flat  topped  sector  pattern  because 
no  tapering  is  assumed  at  face  B.  Since  this  pattern  is  the  same  as  the  face  B 
illumination  it  is  possible  to  place  nulls  in  the  subarray  pattern  or  lower  the  side- 
lobes  for  all  subarrays  by  changing  the  illumination  at  face  B.  These  topics  are  of 
intense  current  interest  because  of  their  possible  application  to  wideband  null 
steering  and  ultra  low  sidelobe  pattern  control. 

Time  delay  units  are  used  at  the  subarray  input  ports  and  the  illumination  is 
tapered  across  face  A  to  produce  a  low  sidelobe  array  factor  with  no  beam  squint. 
The  system  bandwidth  is  thus  determined  by  the  squint  of  the  subarrav  pattern 
across  this  fixed  time  delayed  beam,  and  for  a  very  large  array  with  $  4  the 

bandwidth  is  given  approximately  by  1/S  where 

S  =  •£-  si nO  .  (95) 

o  A  o 
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Figure  49.  Subarray  1 ’attorn  Modification  for  Interference  Suppression 


Dual  transform  systems  offer  the  potential  of  adaptive  or  deterministic  control 
at  either  face  A  o  B.  Control  at  face  C  is  always  possible  but  since  there  are 
many  more  elements  at  face  C  it  is  usually  thought  more  convenient  to  perform  this 
function  at  A  or  B.  At  face  A  conventional  algorithms  for  adaptive  arrays  can 
produce  nulls  in  the  array  factor.  Pattern  control  at  face  11  results  in  nulled  sub¬ 
array  patterns  or  narrowing  the  pattern  to  exclude  jammer  reception  at  specific 
locations  and  frequencies.  For  example.  Figure  -19  indicates  that  if  an  interfering 
signal  radiates  at  some  ingle  (with  0  >  0  ^  in  this  case),  and  if  the  interfering 
signal  frequency  is  bounded  <  A.  <  then  the  interfering  signal  is  re¬ 

ceived  over  a  distributed  angular  region  of  the  subarray  pattern,  and  indeed  over 
proportionally  the  same  distributed  region  of  the  feed.  The  interfering  signal  can 
be  rejected  if  the  subarray  pattern  is  narrowed  to  satisfy  the  condition  at  the  high¬ 
est  system  frequency  (f  e/A  .  ) 

max  min 
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This  restriction  is  achieved  by  narrowing  the  radiating  part  of  the  suLarray 
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feed,  and  such  pattern  control  could  be  implemented  either  adaptively  or  deter¬ 
ministically.  The  adaptive  solution  might  differ  in  principle  from  conventional 
algorithms  in  that  the  weighting  is  applied  to  the  subarray  feed  aperture,  and  that 
it  could  discriminate  on  the  basis  of  received  frequency  and  location  of  the  received 
signal  on  the  feed  aperture.  Since  the  received  signal  from  any  one  point  in  space 
is  projected  to  different  areas  on  the  feed  surface  depending  upon  the  source  fre¬ 
quency,  then  bv  discriminating  on  tlm  basis  of  frequency  and  feed  illumination  the 
t  ’chniquc  can  accommodate  null  placement  in  the  direction  of  any  interfering  source 
unless  it  occupies  the  same  frequency  spectrum  limits  and  angular  locations  as 
the  desired  source. 

Although  overlapped  subarray  systems  do  offer  a  degree  of  control  not  avail¬ 
able  with  other  subarraving  systems,  the  price  for  including  these  features  in  the 
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subarray  patterns  is  reduced  bandwidth  and  increased  loss  which  must  be  made 
up  using  amplifiers  at  the  subarrav  feed  radiating  face.  One  other  factor  which 
has  not  yet  been  thoroughly  explored  is  that  the  subamy  feed  itself  must  be  large 
enough  to  provide  the  high  degree  of  control  required  bv  some  of  these  applications. 
The  number  of  elements  m  the  feed  is  important  in  determining  adaptive  nulling 
bandwidth  whether  the  nulling  is  performed  at  the  input  ports  (subarrav  input  ter¬ 
minals)  or  at  the  output  terminals.  These  issues  and  the  ultimate  limits  of  pattern 
control  with  subarrav  feeds  are  important  areas  of  present  research. 

•1.5  l.inlitw  rigid  Mirrunlrip  Xrr.n  IWlmoIngy 

Section  3.  2  describes  some  of  the  advances  m  printed  circuit  array  elements. 
The  basic  nucrostrip  elements  introduced  in  that  section  have  found  use  in  a  number 
of  light weignt  or  conformal  arrays.  Of  perhaps  more  importance  is  that  this  class 
of  elements  leads  to  very  inexpensive  u:*\ty  construction  and  is  wholly  compatible 
with  developing  monolithic  solid  state  technology  that  promises  dramatic  cost  re¬ 
ductions  within  the  near  future.  Some  of  the  major  developments  in  scanned  micro¬ 
strip  arrays  are  summarized  in  this  section. 

Figure  50  shows  an  eight-element  circularly  polarized  receive  array  developed 
for  aircraft  tests  with  ATS-fi.  1  *  This  I. -band  array.  0.  36  cm  thick,  is  scanned, 
ill  one  plane  by  3-bit  switched  line  phase  shifters.  The  array  axial  ratio  was  less 
than  2  dll  over  most  beam  positions  and  frequencies.  The  development  of  special 

!7i.  Sanford,  CJ.CI.  (1976)  Conformal  microstrip  phased  array  for  aircraft  tests 
with  A  TS-6,  I  id  12 1-  frans. .  Al’SfitNo.  5):t»42-t>46. 
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compact  elements,  such  as  the  shorted  quarter  wave  patch,  has  reduced  element 

size  to  the  point  where  even  for  a  two-dimensional  array  it  is  possible  to  keep 

1 7 l;> 

elements,  phase  shifters,  and  feed  lines  all  on  one  side  of  the  board,  ~  Figure  51 
shows  such  an  array  with  16  elements  producing  a  measured  15.  7  dll  gain  (com¬ 
pared  to  the  maximum  area  gain  of  17.  2  dli)  at  4.6  Gil/.  The  beam  was  scanned 
to  55°  in  both  E  and  H  planes,  YSWK  was  less  than  2  to  1  ;t  ail  beam  positions, 
and  gain  fell  off  about  1.6  dli  at  ±  100  MHz  around  the  design  i  enter  frequency. 


Figure  50.  Conformal  Array  for  Aircraft  Tests  With  ATS -6 
(after  Sanford  *  •  1 ) 


( >ne  method  used  to  gain  space  is  to  separate  elements  and  feed  with  multip'n 
layer  construction,  using  proximity  coupled  printed  circuit  arrays.  *  '  Figure  52 
shows  an  electrically  small,  planar  antenna  composed  of  micro  strip  dipoles 
elect  romngneticallv  coupled  to  a  strip  transmission  line  embedded  m  the  substrate. 


172.  Munson,  K.  .  and  Sanford,  (I.  (1077)  Microstrip  ph;  >ed  array  developed  for 
5  till/,  application,  inti.  Symposium  Digest,  Antennas  and  Propagation 
Society,  Stanford  l  ni versify ,  (‘alifornia;  “2  -  75. 

172.  lluebner,  1).  (127.*)  An  electrically  small  microstrip  dipole  planar  array, 

l*roc.  of  tile  A  orKshop  on  Printed  (.  l  rcuit  Xntenn.  1  <■,  hnology.  p  pc  r  17, 
Ne  w  lUexico  Suite  ’  ni\ ersit  . 
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Separating  iced  ami  elements  also  permits  .  greater  In  .  lion,  in  element  placemen* 
l’lle  antenna  shown  is  a  5.  a  a,  \-band  monopulse  array.  The  24  elements  uv 
distributed  in  three  rings  and  a  separate  corporate  feed  is  used  to  excite  each 
quadrant.  The  feed  consists  of  an  input  three-way  power  divider,  followed  by 
three  hmar\  power  dividers.  Measured  gain  was  Id.  7  dll,  corresponding  to  an 
aperture  effien  nev  of  77  percent,  while  measured  sidelobes  a.  ere  about  -17,5  dli. 


Figure  51.  Single  l.aver  Micro  strip  Phased  Arrav,  With 
Hlemeilts,  Phase  Shifters.  Pia.s,  and  Feed  1  .ines  on  One 
Side  of  Hoard  (after  Munson  and  Sanford  1  < -) 


Figure  52.  A  24 -Element,  Proximity  Coupled 
Microstrip  Dipole  Array  (Courtesy  of  Hall  Aero¬ 
space  Co.  1 


Phase  scanned  arrays  require  additional  space  for  diode  phase  shifters  which 


are  often  separated  from  the  elements  and  placed  on  a  separate  board.  An  arrav 
,174 


typical  of  this  multi-board  technique  is  shown  in  Figure  53  which  depicts  the 
construction  details  of  a  2  \  16  element  lightweight  phased  array,  designed  to 
operate  at  970  MHz  and  also  to  serve  as  a  structural  fuselage  member  of  a  Remotely 
Piloted  Vehicle.  The  element  spacing  is  A/2  and  a  uniform  excitation  is  provided 
by  a  16-wav  stripline  power  divider.  Azimuth  scanning  of  ±  60  is  provided  by 
4-bit  diode  phase  shifters.  The  array  provides  a  broadside  gain  of  16.  5  d  13, 


174. 


Yee,  J.  ,  and  l'urlong,  \\.  (1979)  An  extremely  lip  ; weight  fuselage  integrated 
phased  array  for  airborne  applications,  Proe.  if  the  Workshop  on  Printed 
Circuit  Antenna  Technology,  paper  15,  New  Mcx,  'o  St  *e  Iniversity. 
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Figure  54.  A  32-Element  Integrated  Subarray  Module  at  S-Band 
Consisting  of  32  Disk  Radiators,  32  Diode  Phase  Shifters,  and 
1  Air  Stripline  Power  Divider  (Courtesy  of  Hughes  Aircraft  Co. ) 

Large  arrays  present  special  challenges  to  microstrip  technology,  because  of 
high  feed  losses.  As  an  example  of  low  loss,  large  array  technology.  Figure  55 
shows  the  SEASAT,  1024  element,  L-band  planar  array  antenna  which  was  part  of 
a  spaceborne  imaging  radar  system  used  for  ocean  surveillance.  Producing  a 
resolution  of  25  meters,  thic  was  one  of  the  largest  antennas  flown  in  space.  The 
antenna  weighed  103  kg,  measured  10.7  v  2.  2  meters  and  produced  a  gain  of 
34.  9  dli  with  -12.  3  dll  sidelobes.  The  operating  frequency  was  1275  MHz,  and  the 
radiated  peak  power  was  3000  \V.  The  low  loss  substrate,  a  honeycomb  structure 
with  a  measured  e  „  of  1.  1 S  provided  both  the  required  structural  strength  and  a 
small  substrate  loss  because  of  the  large  percentage  of  voids  in  the  hone  comb. 
Coaxial  cabling  was  used  in  uarts  of  the  feed  network  :o  reduce  losses.  Overall 
losses  were  2.  3  dli. 

Microstrip  arrays  are  ideally  suited  to  many  applications  requiring  narrow 
bandwidth  (a  few  percent),  low  power,  aid  extreme  light  weight  or  conformality. 
Extension  of  multilayer  techniques  wii*  facilitate  the  synthesis  of  nulled  and  very 
low  sidelobe  aperture  illuminations,  the  required  development  of  subarray  networks 
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for  wide  band  and  high  power  operation,  and  integration  with  solid  state  transmit 
receive  modules  for  increased  efficiency.  There  is  an  immediate  and  continuing 
need  for  improved,  lower  cost,  lightweight  array  antennas  that  will  continue  to 
stimulate  development  in  microstrip  arrays  throughout  the  foreseeable  future. 


Figure  55.  The-  SKASAT  Phased  Ari  a 
(courtesy  of  Hall  Aerospace  I'd.  ) 
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A  review  paper  is  a  taking  of  stock,  and  if  is  an  appropriate  time  to  take  stock 
of  phased  arras,  for  the  number  and  degree  of  required  changes  ahead  will  demand 
all  of  toda\  ’ s  most  advanced  technologv  as  basis  for  the  technology  of  tomorrow. 

Solid  state  rra\  modules,  monoiitlm  n  o  f  h  mention,  digital  processing, 
optical  fiber  technology,  and  a  myriad  of  ulaptive  processes  for  arrays  are  appar¬ 
ently  soon  to  change  all  hut  the  basic  elect  romagnetic  aspects  of  array  intennas. 
This  review  has  sought  to  evaluate  the  ole  *  romagm  t  ic  hounds  to  pattern  perform 
a  nee  and  to  list  a  va  riety  of  techniques  developed  that  will  form  a  cornerstone  of 
developments  to  come. 


The  theory  of  idealized  arrays,  though  simple,  leads  to  bounds  on  array 
characteristics.  Many  of  the  fundamental  bounds,  like  bandwidth,  beamwidth, 
and  sidelobe  level  are  well  established,  but  other  fundamental  characteristics  such 
;  as  null  depths  and  cancellation  bandwidth  can  also  be  derived  from  this  basic 

approach. 

The  detailed  analysis  of  array  behavior  remains  a  complex  subject;  it  is  des - 
C  cribed  by  systems  of  simultaneous  integral  or  integrodifferential  equations, 

tractable  in  the  infinite  limit  or  fox'  small  number  of  elements.  The  need  for  such 
detailed  analysis  is  increasing  because  of  the  growing  number  of  fundamentally  new 
and  different  array  types,  the  emphasis  on  small  arrays,  and  arrays  with  side- 
lobes  so  low  as  to  be  dominated  by  edge  effects.  This  paper  has  sought  to  empha¬ 
size  analytical  methods  compatible  with  such  arrays. 

Although  there  have  been  vast  advances  in  array  development  and  performance, 
still  there  are  limits  to  tolerances  and  dispersion  in  phase  shifters,  power  dividers, 
and  feeds  that  set  bounds  on  currently  achievable  pattern  control,  even  with  tradi¬ 
tional  coaxial  and  waveguide  components.  The  use  of  new  transmission  lines  and 
devices  will  make  high  performance  even  more  difficult  to  achieve.  One  example 
is  low  profile  or  conformal  array  technology  where  it  is  becoming  apparent  that 
there  are  fundamental  inconsistencies  between  the  components  one  can  develop  for 
such  arrays  and  the  requirements  for  very  low  sidelobes,  wide  bandwidth,  or  wide 
band  nulls.  A  second  example  is  the  development  of  low  sidelobe  systems  with 
amplifiers  at  each  element,  where  it  will  be  necessary  to  maintain  good  phase  and 
amplitude  stability,  minimum  dispersion,  and  in  some  cases  amplitude  linearity, 
over  an  operating  bandwidth. 

Finally,  although  the  survey  of  available  technology  for  lightweight  arrays  and 
arrays  for  limited  sector  scanning  have  uncovered  a  wealth  of  technology,  most  of 
these  systems  have  relatively  high  sidelobes  and  will  require  substantial  advances 
before  these  low  cost  technologies  will  support  the  next  generation  of  radar  and 
communication  systems. 

After  about  twenty  years  of  serious  development  one  cannot  say  that  phased 
arrays  are  in  their  infancy.  But  if  they  are  not,  they  are  at  least  approaching  a 
period  of  tremendous  growth  and  change,  and  the  technology  of  the  next  ten  years 
will  be  very  different  than  that  of  the  last.  Advances  in  solid  state  devices,  optical 
techniques,  and  digital  logic  may  soon  make  arrays  more  affordable,  but  under  the 
continuing  pressure  of  military  and  consumer  requirements  they  will  be  developed 
>  in  continually  larger  numbers  even  if  marginally  affordable.  Amid  this  great  change 

in  circuitry  and  technology  the  basic  electromagnetic  effects  will  still  govern 
system  performance  and  will  always  be  the  central  issues  of  array  evaluation.  1 
have  attempted  also  to  make  them  the  central  issues  of  this  review. 
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